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I. 



INTRODUCTION 



A. BACKGROUND 

The selection of a powerplant in the design process of a 
helicopter has become an extremely complex task. Mission 
profile performance, weight, life cycle costs, maintain- 
ability, and noise have all become important considerations. 
Early helicopter designers were concerned only about weight 
and power available. In fact, until 1876 when N. A. Otto 
invented the four stroke internal combustion engine, there 
were no engines with power to weight ratios high enough to 
enable practical powered flight. It was not until 1907 that 
a 24 horsepower Antoinette engine provided the power for the 
first free flight in a helicopter. 

Internal combustion engine technology remained well 
ahead of stability and control design in helicopters through 
the first half of the 20th century. But in 1954, the H-39 
was built by Sikorsky as a test bed for the gas turbine 
engine (a Turbomeca Artouse II engine), and in 1956 the 
first version of the UH-1 was flown powered by an American 
built Lycoming T53-L-11 gas turbine. This design was a 
major breakthrough in aircraft engines because it signifi- 
cantly reduced the weight while increasing payload and speed 
over similar utility helicopters driven by reciprocating 
engines (despite a somewhat lower specific fuel consumption 
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rate). Continued advancements in turboshaft engine tech- 
nology over the past 25 years have resulted in a proli- 
feration of engines available for consideration by the 
helicopter designer — to the extent that even for preliminary 
design some specific guidance is needed toward making a 
suitable selection. 

The purpose of this study is to develop a process for 
selecting a powerplant which would best meet preliminary 
design specifications for a helicopter [Ref. 1]. This 
process has to be straight-forward enough to be used in an 
initial design course by graduate students who are not heli- 
copter experts. From an engineering standpoint, initial 
design of a helicopter to meet given mission and physical 
specifications focuses upon performance, fuel economy, and 
weight as primary selection criteria. Those criteria are, 
therefore, emphasized here. 

B. OBJECTIVES 

In order to accomplish the overall goal of providing a 
basic guide for the selection of a powerplant in the prelim- 
inary design of a helicopter, the following objectives were 
to be attained: 

1. Presentation of an outline of powerplant selection 
criteria with references for more detailed explana- 
tion of those major considerations which would not be 
dealt with in this study. 

2. A "paring down" of selection criteria to those appli- 
cable to an engineering preliminary design course. 
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3. Collection and tabular presentation of accurate data 
on 6 turboshaft engines which represent current tech- 
nology performance. 

4. Development of programs to optimize engine selection 
using either a hand-held calculator (HP-41C) or the 
IBM 3033 computer (FORTRAN). 

5. Verification of data and calculations by comparison 
with flight manual information for an operational 
helicopter . 
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II. APPROACH TO THE PROBLEM 



A. OVERVIEW 

The selection of a powerplant for a modern helicopter 
has become so complex that in recent military helicopter 
programs competing manufacturers designed their aircraft 
around a particular engine (UH-60A, AH-64, and Lamps III all 
using versions of the GE T700 engine). In general, research 
and development costs and time usually limit airframe de- 
signers to consideration of existing engines. This 
approach seemed most realistic and was used in this study 
(as opposed to developing a "rubber" engine which could have 
been optimized for use under the design specifications of 
the particular aircraft being built). The following 
approach was taken to develop a viable method of evaluating 
and then selecting the most suitable powerplant available 
during preliminary design: 

1. Broad selection criteria were established. 

2. Performance was reasoned to be the essential criteria 
for initial design. 

3. Performance parameters were established. 

4. External factors affecting engine performance were 
evaluated. 

5. Methods of obtaining and extracting engine data were 
explored. 

6. Data essential for performance evaluation was 
determined. 
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7. Weight calculations were researched. 

8. A selection and optimization process was developed. 

B. BROAD EVALUATION CRITERIA 

[Ref. 2] describes four criteria by which to rate the 
overall mission effectiveness of any major component in 
military helicopter design. These criteria include three 
considerations which are operational in nature and a fourth 
which is economic. They are: 

1. Mission Readiness. This includes: 

a) Mission Capability (specifically, can the compo- 
nent do what it was designed to do). 

b) Availability (which is a function of reliability 
and maintainability). 

2. Survivability 

3. Performance. This is based upon predetermined mission 
profiles which result in specifications (e.g. hover 
out of ground effect at maximum gross weight at 4000 
feet pressure altitude and 95 degrees ambient temper- 
ature ) . 

4. Cost Factors 

a) Life Cycle Costs 

i) Research and development. 

ii) Initial investment. 

iii) Operational costs (e.g. fuel, personnel and 
training) . 

iv) Maintenance. 



or : 

b) Incremental Costs. Only those costs which differ 
between competing components. 
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Each of the above factors must be weighed according to its 
importance to the procuring agency. 

C. THE ESSENTIAL CRITERIA— PERFORMANCE 

It was realized, after some thought, that the single 
most important factor in the selection of an existing engine 
is mission capability. Without this factor, the others have 
little meaning. The engine must first be able to provide 
sufficient power to enable the aircraft to do its designed 
mission. Mission capability is predominantly a function of 
performance characteristics. For the purposes of prelimi- 
nary engineering design, then, it seemed most logical and 
useful to focus upon capability, and thus performance, as the 
criteria for powerplant selection. 

D . PERFORMANCE PARAMETERS 

Performance of a turboshaft engine designed for use in 
rotary wing aircraft has been traditionally measured in the 
following ways: 

1. Output shaft horsepower. 

2. Specific fuel consumption. 

3. Power to weight ratio. 

These parameters are used in this study as the essential 
criteria upon which the final selection of an engine is made 
for use in preliminary design. 
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E. EXTERNAL FACTORS AFFECTING ENGINE PERFORMANCE 



It was found that engine specification manuals prepared 
by engine manufacturers contained a myriad of technical 
specifications and performance data. These manuals quite 
naturally presented the performance characteristics of their 
engines in the best possible forms. However, numerous qual- 
ifications (e.g. altitude, temperature, bleed air, distortion) 
were placed on the specifications. Extreme care had to be 
taken in interpreting the data. 

[Ref. 3] outlines an array of considerations which 
should be accounted for before evaluating raw engine 
performance data extracted from specification manuals. 

Included are the following; 

1. Basic airframe design (as it applies to installa- 
tion and removal of the engine and to the location 
of the output shaft). 

2. Air induction system (perhaps most importantly the 
particle separator). 

3. The starting system. 

4. The lubrication system. 

5. The cooling system. 

6. The exhaust system. 

7. The fuel system. 

8. The fire protection system. 

9. Accessories (such as anti-ice and environmental 
control ) . 

One primary reason for consideration of the above areas is 
to ascertain the power losses associated with their 
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operation which may not have been accounted for in the engine 
specifications. 

During the preliminary design phase, the details about 
the systems noted above may not be known and are very 
probably determined by the final engine selection. Therefore, 
for the purposes of preliminary design, a conservative estimate 
of 1-2 percent bleed air and inlet losses were made [Ref. 4]. 

A reduction by 10 hp . of the published usable shaft horse- 
power from the engine manuals is included in the analytical 
solutions used in this study to account for such losses. 

Standard practice in the preliminary design of military 
helicopters requires that fuel flow rates based upon engine 
specifications be increased by 5 percent in all calculations 
[Ref. 5]. This conservative procedure allows for handling 
characteristics and system degradation over time. This 
5 percent increase is incorporated in the programs developed 
in this study. 

F. EXTRACTING DATA AND PREDICTING PERFORMANCE 

With the above initial considerations made, the next 
step was extracting relevent performance data from the manu- 
facturer's manuals. Two things were immediately noted: 

1. Technical performance terminology was difficult to 
understand but was critical to accurate interpreta- 
tion of the data. Some particularly important 
definitions were compiled and are in Appendix A. 

2. Performance data at standard sea level conditions 
was always given whereas data at a particular design 
condition may not have been tabulated. 
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Since determination of performance characteristics at design 
specifications is critical, research was conducted on 
methods by which nonstandard performance data could be 
obtained. At least three ways of obtaining performance data 
at specific operating conditions were found: 

1. Computer programs developed by the manufacturer: 

(e.g. [Ref. 6] for the T700-GE-401 engine). 

2. Interpolation of charts sometimes included in the 
manufacturer's specification manual ([Ref. 7] for 
the T53 Lycoming series engines). 

3. Flight data charts from operators manual if the 
engine was already being used in an operational 
aircraft ([Ref. 8] for the T400 Pratt Whitney 
engine ) . 

Computer programs were found to be consistently available on 
the engines developed within the last 10 years. However 
these programs were not easily obtained, were complex to use, 
and often did not interface with available hardware. As a 
result, each of the above listed methods was used for at 
least one of the six engines in Appendix B to verify the 
performance approximations used in this study. 

Another method found of predicting engine performance is 
to digitize published data, then utilize a regression 
program which results in a formula which predicts engine 
performance at any desired airspeed or density altitude. 

Such an approach was taken in [Ref. 9]. This method was 
found to be very time consuming and was much less accurate 
than those mentioned above. 
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G. ESSENTIAL DATA 



Minimum essential data for engine performance evaluation 
was determined to be the following: 

1. Output shaft horsepower available and specific fuel 
consumption at three power settings at sea level 
standard conditions. This data provided a basic idea 
of the power available from the engine as well as 
sufficient information to calculate fuel flow rate at 
other pressure altitudes and temperatures (using 
known shaft horsepower required). 

2. Maximum static power available at the design condi- 
tions and at 25,000 feet. This data allowed engine 
power evaluation at design (e.g. 4000 ft. and 95 
degrees) and hover ceiling specifications (normally 
below 25,000 ft.). 

3. Alternately, since the data in 2. above is not 
consistently available, an approximation of engine 
power available at nonstandard conditions may be 
made ([Ref. 10]) using the formula: 

SHP = [6//9] (SHP) (2.1) 

A comparison of the performance predicted by this formula 
versus actual data for a sample engine is made in Table I. 

It can be seen that this approximation becomes quite conser- 
vative at altitudes near normal hover ceilings. However, 
the results are very reasonable at the design conditions. 

Raw engine data may also be correlated with total rotor 
power required (RSHP) calculations using the following 
formula [Ref. 1]: 

ESHP = 1 . 03 *RSHP + . 1 • (n-1) • RSHP +10 (2.2) 

Where n is the number of engines used. 
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TABLE I 



Analytical vs. Actual Engine Performance 



20000 ft. 



-12 F 



Engine 


SHP 

Actual 


SHP 

Analytical 


% Difference 


A 


214 


208 


3 


B 


369 


350 


5 


C 


914 


772 


15 


D 


1000 


891 


11 


E 


1378 


1237 


10 


F 


2070 


1682 


19 


4000 ft. 


95 F 






Engine 


SHP 

Actual 


SHP 

Analytical 


X Difference 


A 


325 


356 


9 


B 


583 


601 


3 


C 


1170 


1325 


13 


D 


1404 


1529 


9 


E 


2055 


2123 


3 


F 


3086 


2888 


6 



Engines 



T63-A720 

LTS101-750A 

T700-GE700 



D: T400-CP-400 

E; T55-L-7 
F: T55-L-712 
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H. WEIGHT 



Engine dry weight is normally provided with performance 
data. However, an installed weight of the engine offers 
much more accurate weight estimation for power calculations. 

The installed weight is defined here to include: 

a. Lubricant weight. 

b. Cooling system. 

c. Engine controls. 

d. Engine supports. 

e. Exhaust ducting. 

f. Starting system. 

Methods to accurately estimate an engine's installed weight 
were investigated. Analysis of data collected on current 
helicopter installed weights revealed that the "rule of 
thumb" formulae in use in [Ref. 1] correctly predict weight 
trends. However, the installed weights calculated using those 
formulae are somewhat low for engine dry weights up to about 
700 pounds. Since this range of engines includes approxi- 
mately 70 percent ([Ref. 11]) of the helicopters in production 
in the West, an attempt to update the weight estimating 
relationship is made here. 

A search of the literature revealed at least two additional 
methods of engine weight estimation: 

1. Powerplant weight estimation based upon maxim;im 
horsepower of the engine [Ref. 12] using the 
following equation: 

W„T = 130.243 + .369Hp 

JCi 1 
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2. 



Installation weight as a function of engine dry 
weight [Ref. 13]; with the percentage of installa- 
tion weight increasing with engine dry weight 
according to the formula: 

»EI = •0974(Wj,p)l-2 
It was found that method 1 was based upon data taken from 
early model helicopters which does not reflect current tech- 
nology. Additionally, the components included in the total 
installed engine weight were inconsistent between different 
aircraft manufacturers. This problem arose in the collec- 
tion of data for this study as well. As an example, Bell 
Helicopter Textron (BHT) includes only residual fuel and oil 
in the published values of installed engine weight. Indi- 
vidual component installation weight and balance information 
had to be obtained from Bell to get data which would be 
consistent for comparison and analysis. 

Method 2 above does not coincide with the design trends 
reflected by the U.S. helicopters analyzed in this study. 

In order to determine an accurate method of estimating 
engine installed weight, a data base of 20 helicopters was 
collected. Table II depicts the aircraft, engines, engine 
weights and engine horsepowers used for the data base. The 
helicopters in this table include many of the U.S. military 
rotary wing aircraft currently operational [Ref. 14], [Ref. 
15], [Ref. 16]. 
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TABLE II 



Turboshaft Engine Data Base 



Engine 


A/C 


Dry 

Weight lbs 


Installed 
. Weight lbs. 


Military 
SHP 0 SSI 


T63-A-5A 


0H-6A 


136.0 


175.2 


317 


A11-250-C18 


Th-57A 


136.0 


194.0 


317 


T63-A-720 


0H-58C 


158.0 


218.0 


420 


T58-GE-8F 


UH-2D 


305.0 


403.0 


1350 


T58-GE-5 


S-67 


335.0 


471.0 


1500 


T58-GE-10 


CH-47D 


340.0 


454.0 


1400 


T700-GE-700 


YAH-63 


423.0 


547.0 


1560 


T700-GE-701 


AH-64 


427.0 


587.0 


1690 


T58-GE-16 


CH-46E 


430.0 


621.0 


1870 


T53-L-703 


AH- IS 


495.0 


607.0 


1485 


T53-L13 


UH-IH 


540.0 


683.0 


1400 


T55-L-7 


CH-47A 


580.0 


671.0 


2650 


T64-GE-16 


AH-56 


700.0 


969.0 


3370 


T400-CP400 


UH-IN 


701.0 


910.0 


1800 


T400-CP400 


AH-IJ 


701.0 


908.0 


1800 


T64-GE-6 


CH-53A 


723.0 


881.0 


2850 


T400-WV-402 


AH-IT 


733.0 


936.0 


1970 


T55-L-11D 


CH-47C 


735.0 


897.0 


3750 


T55-L712 


CH-47D 


760.0 


925.0 


3400 


JTFD12A-4A 


CH-54A 


920.0 


1093.0 


4500 


Several curve 


fitting 


techniques 


were applied to 


engine 



weight criteria based upon three separate comparisons t 
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1. Engine dry weight vs. installation weight as a 
percentage of dry weight. 

2. Engine military horsepower available vs. total 
installed weight . 

3. Engine dry weight vs. total installed weight. 

It was found that the best weight estimating relationship 
could be obtained using comparison 3 with a linear regres- 
sion. The weight estimating relation is: 

Wgj - 44.684 + 1.193Wgj^ 

For consistency with other equations used for helicopter 
preliminary design, this formula is rounded to two signi- 
ficant figures: 

= 45 + 1.2Wgp (2.3) 

This relationship yielded an value of .9819. Figure 
1 is a plot of installed weight estimation based on 
equation 2.3. 

I. SELECTION AND OPTIMIZATION 

The engines at Appendix B are considered as those which 
are available for the purposes of preliminary design selec- 
tion here. Those engines were selected for inclusion in 
this study for the following reasons: 

1. Currently in use in military helicopters with 
accurate and tested data available. 

2. Representative spectrum of shaft horsepower 
required in military rotorcraf t . 

3. Latest developments incorporated (SFC and weight 
especially ) . 

4. Variety of manufacturers [Ref. 7], [Ref. 17], 

[Ref. 18], and [Ref. 19]. 
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Helicopter Engine Installation Weight 

for Helicopters in Table II 




Hj6i0M p0|ie;su| 0U!6ug 



Figure 2.1 Engine Dry Weight vs. Installed Weight 
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Engine Dry Weight 



Essentially, an engine(s) which would fulfill a specific 
mission capability could have been selected by inspection 
almost at random from this list once power requirements were 
determined. However, it seemed much more realistic to opti- 
mize the selection in some way. 

The most useful method of selecting the "best" engine (s) 
in a preliminary design process appears to be one in which 
the minimum total weight is obtained (enabling the biggest 
payload, most range, or most additional equipment 
installed). The total weight includes the total fuel weight 
required by the engine to accomplish a specified mission as 
well as the installed weight of the powerplant itself. The 
estimation of engine installed weight is made using equation 
2.3. The total fuel required is calculated using the mission 
criteria stated in [Ref. 1]: 

Fuel Wt . = .05W^<NRP> + W^<cruise>*Range<max>/V<cruise> 

+ .25W^<V<end>> + .05W^<NRP> (2.4) 

The optimum powerplant is then determined by adding the fuel 
and engine(s) weights and using the smallest value found. 
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Ill . 



SOLUTION 



The calculations necessary to make the total weight 
comparisons were initially done manually using equations and 
the mission profile from [Ref. 1], Then programs were 
developed to aid in the optimization process. Considera- 
tions in the development of the computer programs are; 

1. Compatibility with previous work using both a hand- 
held calculator and a main frame computer. 

2. Reasonable simplicity so that the feel for the design 
process is not lost within the computing machine. 

3. Flexibility and adaptability (easily modified or 
expanded) . 

4. Output of intermediate data required for helicopter 
design (e.g. fuel flow rates) as well as final 
comparisons . 

5. Weight used as the optimization criteria. 

Three basic computer programs were written, two for use 
on the HP-41C and the third for interactive use on the IBM 
3033. All programs assume that calculations for rotor shaft 
horsepower required (RSHP) can be made. Inputs required are 

1. Engine SHP and SFC at three power settings at sea 
level standard day conditions. 

2. Pressure altitude and temperature. 

3. Dry weight of engine. 

4. Access to power equations: ''Flite'' [Ref. 20], "Power" 

(Appendix E), or the Helicopter Computation Package 
[Ref. 21]. 
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Program outputs are: 

1. Zero shaft horsepower intercept. 

2. Slope of fuel flow vs. ESHP line. 

3. Phantom SHP [Ref. 22]. 

4. Fuel flow rate at desired RSHP and density altitude. 

5. Total fuel weight for mission profile. 

6. Total weight of fuel plus installed powerplant . 

7. Recommended selection between two candidate power- 
plants (FORTRAN program only). 
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IV. RESULTS 



A. COMPUTATIONAL PROGRAMS AND DATA 

The research and programming results of this study are 
presented in Appendices C thru E: 

1. Appendix C contains the fuel flow characteristics 
and the engine and mission fuel weight calculation 
programs for the hand-held calculator. The fuel 
and engine weight program requires the user to 
manually compare total weights calculated for each 
engine analyzed. This procedure was followed to 
save calculator register space. Also in Appendix 
C are program flow charts and sample problems. 

2. Appendix D contains the FORTRAN engine optimizer 

as well as the program algorithm and a sample problem. 

3. Appendix E contains three supporting programs for use 
with the HP-41C calculator: 

a. "Power" which calculates the total power required 
for a helicopter in level flight . This program 
was developed to enable rapid calculation of fuel 
flow characteristics at varying conditions and 
design parameters. It was found that total power 
calculations using existing programs for the 
HP-41C were very cumbersome to use for the pur- 
pose of determining fuel flow and fuel weight 
data . 

b. "VE" which computes the maximum endurance velocity 
for the preliminary design of a helicopter. This 
program uses "POWER" iteratively to achieve a 
solution for maximum endurance velocity. 

c. "VMR" which computes the maximum range velocity 
for the preliminary design of a helicopter. This 
program uses "POWER" iteratively to achieve a 
solution for maximum range velocity. 
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B . ACCURACY 



Appendix F contains a comparison between actual perfor- 
mance for the UH-60A (Blackhawk) helicopter [Ref. 23], and 
the analytical results obtained by the use of the computa- 
tional programs in Appendices C thru E. Tables XI-XIII show 
that the analytical results obtained agree quite well with 
actual helicopter performance. Although only one helicopter 
was used to evaluate the program outputs, an encouraging 
indication of their accuracy is at least provided. However, 
it can be seen that at higher airspeeds (especially at non- 
standard conditions) the analytical solutions become 
increasingly less exact. This is primarily a function of 
the basic nature of the equations used to predict rotor 
power required for a preliminary helicopter design. Several 
real world conditions are not modeled by the equations (e.g. 
rotor downwash on the fuselage, compressibility effects, and 
blade stall). Such conditions result in higher actual power 
requirements than those predicted (especially above about 
120 knots ) . 

The basic equations used to predict fuel flow rates, 
however, appear to model actual conditions extremely well. 
Table XI shows consistently lower error for fuel flow rate 
analytical results than for predicted engine shaft horse- 
power required. Additionally, when the actual engine shaft 
horsepower required from the operator's manual was used to 
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calculate fuel flow rate, the result was within 5 percent 
of chart values in every case compared. 



C. LIMITATIONS 

1. Modeling of required rotor power does not include all 
aerodynamic effects. These limitations are discussed 
in [Ref . 24] . 

2. Accuracy at non-standard conditions and airspeeds 
greater than 120 knots is only fair; nonlinearities 
of the fuel flow lines are not considered. 

3. Maximum and minimum engine fuel flow rates are not 
considered. 

4. Changes in engine shaft horsepower available with 
temperature and altitude are not programmed. These 
changes must be checked manually (see Appendix B). 



D. HP -4 1C MEMORY REQUIREMENTS 

The programs listed in Table III use a total of 239 regis- 
ters of program memory. Size 46 is required to provide 
sufficient memory storage for all programs. 

TABLE III 

PROGRAM STORAGE REGISTER REQUIREMENTS 



Subject Area Program Subroutine 



Engine fuel flow 
characteristics 


Name 

FUELFL 


Registers 

56 


Name 


Registers 


Mission fuel and 
engine weights 


WEIGHT 


30 


FUELFL 


56 


Total helicopter 
power required 


POWER 


106 


— 


— 


Maximxim endurance 
velocity 


VE 


22 


POWER 


106 


Maximum range 


VMR 


25 


POWER 


106 



velocity 
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V. CONCLUSIONS AND RECOMMENDATIONS 



A. USEFULNESS FOR PRELIMINARY DESIGN 

The programs developed in this study and the equations 
used in their development appear to provide an excellent 
basis upon which to conduct the preliminary design of a 
modern helicopter. The use of the programs requires a 
reasonable understanding of helicopter performance and the 
user should carefully execute the example problems to insure 
understanding of the computational process. Since all of 
the programs developed here build upon existing code, 
complexity has increased; hopefully however, not at the 
expense of clarity. 



B . RECOMMEND AT IONS 

1. Comparisons of analytical results with actual 
performance data for a number of operational heli- 
copters should be conducted. The true applicability 
of the equations and programs used here can best be 
determined in this way. 

2. UH-60A operational data indicate that analytically 
predicted power requirements and fuel flow rates 
could be brought to within 5-10 percent accuracy 
simply by increasing the loss factor between the 
engine and the rotor by 15 percent. That is by 
letting: 

ESHP = ((.1+N) + 1.18)*RSHP + 10 

Such an increase may better account for power reduc- 
tions resulting from pressure losses and accessories. 
The validity of changing the loss factor in this 
manner needs to be verified by making the additional 
comparisons recommended in 1 above. 
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APPENDIX A 



DEFINITIONS 

Absolute Altitude ; The maximum altitude at which the engine 
will function properly under specified ram pressure ratios. 

Cold Atmospheric Conditions ; Cold atmospheric air pressures 
are given in MIL-STD-210. Cold atmospheric air temperature 
is -54.3 C from sea level to 25,500 feet altitude. 

Cruise Power : Most often defined as 75 percent of normal 

rated power, but may be a different percentage, especially 
in older engine manuals. 

ESHP I Used in this study to specifically designate Engine 

Shaft Horsepower. However, this term is also defined as 

Equivalent Shaft Horsepower by engine manufacturers. 

Equivalent Shaft Horsepower is a modified power output 

rating which includes jet thrust: 

Static ESHP = SHP + F„/2.5 

n 

Flight ESHP = SHP + (F^ x V)/261 
where: F^ is net jet thrust in pounds. 

V is flight speed in knots. 

Gross Jet Thrust : The thrust delivered at the exhaust duct 

exit as determined from the product of exhaust gas mass flow 
and velocity, plus exhaust duct area times the difference 
between gas static pressure and ambient exhaust pressure. 
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Hot Atmospheric Conditions ; Hot atmospheric air pressures 
are given in MIL-STD-210. Hot atmospheric temperature is 55 
C at sea level and decreases at a rate of .0025 C per foot 
of altitude to 38,000 feet altitude. 

Inlet Air Distortion ; Steady state and dynamic inlet air 

pressure variations and steady state temperature variations 

as defined by Distortion Indexes (DI) of the form: 

DI = ( P - P ) 

MEAN LOW MEAN 

MEAN 

DI = ( T- - T ) 

MAX MEAN 

'^1 

MEAN 

Military Rated Power ; The highest power at which the engine 
may be operated for a 30 minute period without special main- 
tenance, provided such operation is followed by a return to 
Normal Rated Power or lower power for a specified time. 

Net Jet Thrust ; Gross Jet Thrust minus the product of 
engine air mass flow and free stream velocity. 

Normal Rated Power (NRP) : The highest power at which the 

engine may be operated continuously without restriction 
(other than scheduled maintenance); also referred to as 
maximum continuous power. 

Ram Efficiency : The ratio of inlet air total pressure to 

free stream air total pressure. 
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Shaft Horsepower (SHP); The horsepower delivered at the 



output shaft of the engine. 

Specific Fuel Consumption (SFC) ; The weight of fuel 
consumed by the engine in pounds of fuel per hour per shaft 
horsepower . 
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APPENDIX B 



ENGINE SELECTION DATA 



A. AVAILABLE POWER PLANTS 

The power plants in Table IV are those considered avail- 
able for preliminary design selection. 



TABLE IV 

Available Power Plants 



Engine Dry Weight Standard Sea Level Performance 





(lbs) 




SHP 


SFC 


A 


158 


M: 


420 


.650 


(T63-A-720) 




N: 


370 


.651 






C: 


278 


.709 


B 


268 


M; 


708 


.573 


(LTS101-750A) 




N: 


659 


.573 






C: 


494 


.599 


C 


423 


M: 


1561 


.460 


(T700-GE-700) 




N: 


1318 


.470 






C: 


989 


.510 


D 


709 


M: 


1800 


.595 


(T400-CP-400) 




N: 


1530 


.606 


Note: Dual engine 


with 


C: 


1148 


.661 


single gear 


box . 








E 


580 


M: 


2500 


.615 


(T55-L-7) 




N: 


2200 


.622 






C; 


1650 


.678 


F 


750 


M: 


3400 


.543 


(T55-L-712) 




N; 


3000 


.562 






C: 


2250 


.610 



M: Military Power 

N; Normal Power 
C: Cruise Power 
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B. ENGINE PERFORMANCE AT OTHER THAN STANDARD SEA LEVEL 
CONDITIONS 

The effects of altitude and temperature on engine 
performance may be approximated using the formula: 

ESHP = (6//Q) (ESHP) 

Where 6 = P/Pg3L 

9 = T/Tggj^ (Absolute temperature) 

C. ENGINE INSTALLED WEIGHT 

Engine installed weight includes the dry engine(s) weight 
plus an installation fraction which includes; air induction 
system, exhaust system, cooling, controls, starting system, 
mounts, and residual fuel and oil. The total installed 
weight may be computed as: 

Wgj = 45. + 1.2'Wj,j^ (per engine) 
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APPENDIX C 



FUEL FLOW AND WEIGHT COMPUTATION USING THE HP -4 1C 

This appendix contains the programs developed for use 
with the HP-41C programmable calculator. Two main programs 
were written: 

1 . FUELFL 

a. Computes fuel flow characteristics from engine 
standard sea level performance data (SFC and SHP). 

b. Computes fuel flow rate for an input value of 
rotor shaft horsepower required. 

2. WEIGHT 

a. Computes estimated engine installed weight. 

b. Requires prior execution of "FUELFL" to compute 
fuel flow rates. 

c. Computes total weight of installed engine and fuel 
for a design mission profile. 

Both programs are designed to accept direct user input of 

required rotor power or to accept a user specified forward 

velocity and calculate total rotor power required using the 

program "POWER" in Appendix E. "POWER" was developed to 

enable rapid calculation of total power required at any 

forward velocity (or hover) for use in the above programs 

as well as for calculation of maximum endurance velocity 

and maximum range velocity (Appendix E). 
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FUELFL 



1. Purpose 

This program computes the fuel flow rate for a specific 
engine for input values of altitude (up to 36,000 feet), 
temperature and rotor shaft horsepower required. The 
user must input engine performance data at military, normal, 
and cruise power settings at sea level from manufacturer's 
specifications. The program incorporates an increase by 5 
percent of specification fuel consumption in accordance with 
accepted military design criteria. 

"FUELFL" is designed with two subroutines which allow 
calculation of fuel flow rates at varying operating condi- 
tions after one initial entry of engine performance data. 
They are : 

a. "FF" which computes the fuel flow rate for an input 
value of rotor shaft horsepower required (or velocity 
if "POWER" is used). This subroutine converts rotor 
power into engine power by adding power losses in the 
transmission and drive train as well as power consumed 
by accessories. 

b. "OPCON" which contains "FF" but which also prompts for 
current environmental operating conditions. 

If "POWER" is to be used to calculate rotor shaft horsepower 

required, it must be run first so that design data for a 

specific helicopter may be calculated and stored. 

The fuel flow characteristics calculated and displayed 
are as follows; 
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Display : 
BETA = 
ALPHA = 



ZHI = 
PSHP = 



Explanation : 

Average slope of fuel flow line. 

Zero horsepower intercept per 
engine at standard sea level 
conditions . 

Zero horsepower intercept per 
engine at operating conditions. 

Zero velocity horsepower (Phantom 
SHP) . 



WE = Fuel flow rate (lb /hr). 

2. Equations 

SFC^ = (SFC^ + .05 X SFC^) i = M, N, C (5% increase) 

W„ = SFC. X SHP. 
f . 1 1 



w - w„ w - w„ w w„ 

- ^c 

SHP,, - SHP„ SHP,, - SHP„ SHP„ - SHP^ “ 

M N M C N C 

a = l3 (SHPj^j + SHPj^ + SHP^) - (W^ + ) | r 3 



5 = VPggL = ^ 6.8754 X 10 ^ ) j 5.2 s 6 

^ = 7T + _..45 9,6 88 

^ V ' SSL V 518.688 

ZHI = a(5/9) 

PSHP = AND ESHP = 1.03(RSHP) + . 1 (n-1 ) ( RSHP ) + 10 

6 

= [PSHP + ESHP] 6 
where : 

SFC is specific fuel consumption (Ib/hr/shp) 

SHP is shaft horsepower of the engine 

is fuel flow rate (Ib/hr) 

S is the average slope of the fuel flow line 
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a 



SSL 



is the zero horsepower increment for one engine 
at standard sea level conditions 

is the ratio of pressure to standard sea level 
pressure 

is atmospheric pressure at operating conditions (psi) 
is standard sea level atmospheric pressure (psi) 
is pressure altitude (ft) 

is the ratio of temperature to standard sea level 
temperature (absolute) 



T 


is 


tern 


ZHI 


is 


the 


n 


is 


the 


PSHP 


is 


the 


ESHP 


is 


the 



39 



3. Flowchart 



Star- 




next page 
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4. Example Problem and User Instructions 

Find the fuel flow rate for a helicopter under the 
following conditions: 

Engine Data Operating conditions: 





SHP 


SFC 




Military 


1561 


.460 


Standard Sea Level 


Normal 


1310 


.470 


PA = 0 


Cruise 


989 


.510 


T = 59 F 



Two engines (N = 2) 

a. Assume "POWER” will not be used: 
RSHP = 500 hp 



Keystrokes : 

(XEQ) (ALPHA) FUELFL (ALPHA) 
0.460 (R/S) 

1561 (R/S) 

0.470 (R/S) 

1310 (R/S) 

0.510 (R/S) 

989 (R/S) 

(R/S) 

(R/S) 

0 (R/S) 

59 (R/S) 

(R/S) 

2 (R/S) 

(R/S) 



Display : 

SFC-M? 

SHP-M? 

SFC-N? 

SHP-N? 

SFC-C? 

SHP-C? 

B = 0.3948 
ALPHA = 135.32 
PA=? 

T(F)=? 

ZHI = 135.32 
N=? 

PSHP = 685.46 
POWER? 
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0 (R/S) 



RSHP=? 



500 (R/S) WF = 497.68 



Now use "FF" to compute the 


fuel flow rate for the same 


engine at the same altitude 
RSHP = 700 shp 


and temperature but with; 


Keystrokes : 


Display : 


(XEQ) (ALPHA) FF (ALPHA) 


POWER? 


0 (R/S) 


RSHP=? 


700 (R/S) 


WF = 586.91 



Now use "OPCON" to compute the fuel flow rate for the same 



engine at : 

PA = 4000 ft 
T = 95 F 
RSHP = 700 shp 




Keystrokes : 


Display : 


(XEQ) (ALPHA) OPCON (ALPHA) 


PA. FT.? 


4000 (R/S) 


T <F>? 


95 (R/S) 


ZHI = 120.86 


(R/S) 


N=? 


2 (R/S) 


PSHP = 612.20 


(R/S) 


POWER? 


0 (R/S) 


RSHP=? 


700 (R/S) 


WF = 557.99 



b. If "POWER" is loaded and executed using the sample 
helicopter design data included as an example with 
the "POWER" user instructions, run "FUELFL" again 
with the same engines and operating conditions but 
with: 

VF = 95 kts 
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Keystrokes : 


Display : 


(XEQ) (ALPHA) FUELFL (ALPHA) 


SFC-M? 


0.460 (R/S) 


SHP-M? 


1561 (R/S) 


SFC-N? 


0.470 (R/S) 


SHP-N? 


1310 (R/S) 


SFC-C? 


0.510 (R/S) 


SHP-C? 


989 (R/S) 


B = 0.3948 


(R/S) 


ALPHA = 135.32 


(R/S) 


PA=? 


0 (R/S) 


T(F)=? 


59 (R/S) 


ZHI = 135.32 


(R/S) 


N=? 


2 (R/S) 


PSHP = 685.46 


(R/S) 


POWER? 


1 (R/S) 


PA=? 


0 (R/S) 


T<F>=? 


59 (R/S) 


VF=? 


95 (R/S) 


PT = 499.17 


(R/S) 


PT = 499.17 


(R/S) 


WF = 497.31 



Note: When "POWER" is used, the user is prompted for PA and 

T twice. This is to insure that both engine performance and 
rotor power required are computed at the same atmospheric 
conditions . 
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Now use "FF" 


to compute the 


fuel flow rate for the same 


engine at the 


same altitude 


and temperature but with 


VF = 120 


kts 




Keystrokes : 




Display ; 


(XEQ) (ALPHA) 


FF (ALPHA) 


POWER? 


1 (R/S) 




PA=? 


0 (R/S) 




T<F>=? 


59 (R/S) 




VF=? 


120 (R/S) 




PT = 706.50 


(R/S) 




PT = 706.50 


(R/S) 




WF = 589.82 


Now use "OPCON" to compute 


the fuel flow rate for the same 


engine at : 


PA = 4000 


ft 




T = 95 F 


VF = 120 


kts 




Keystrokes : 




Display ; 


(XEQ) (ALPHA) 


OPCON (ALPHA) 


PA. FT.? 


4000 (R/S) 




T<F>? 


95 (R/S) 




ZHI = 120.86 


(R/S) 




N=? 


2 (R/S) 




PSHP = 612,20 


(R/S) 




POWER? 


1 (R/S) 




PA=? 


4000 (R/S) 




T<F>=? 


95 (R/S) 




VF=? 



45 



120 (R/S) 



PT = 634.12 



(R/S) PT = 634.12 

(R/S) WF = 528.60 

5. Programs and Subroutines Used 
"FUELFL” 

"OPCON" 

"PRATIO" 

"TRATIO” 

ITppil 

6. Storage Register Utilization 

Table V shows specific storage register contents. 
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TABLE V 



FUELFL Storage Register Utilization 



Storage 

Register 

00 


Stored Quantity 
blank - used for computations 


01 


SFC„- specific fuel consumption at military 
power at sea level (Ib/hr/hp) 


02 


SHP„- shaft horsepower output at military 
power at sea level (hp) 


03 


SFC - specific fuel consumption at normal 
^ power at sea level (Ib/hr/hp) 


04 


SHPj^- shaft horsepower output at normal 
power at sea level (hp) 


05 


SFC - specific fuel consumption at cruise 
power at sea level (Ib/hr/hp) 


06 


SHPp- shaft horsepower output at cruise 
power at sea level (hp) 


07 


- fuel flow rate at sea level military 
power with 5% increase (Ib/hr) 


08 


- fuel flow rate at sea level normal 
■^N power with 5% increase (Ib/hr) 


09 


Wj - fuel flow rate at sea level cruise 
^c power with 5% increase (Ib/hr) 


10-37 


- used by program "POWER" 


38 


8 - average slope of the fuel flow line 


39 


a - average zero horsepower intercept at 

standard sea level conditions (Ib/hr) 


40 


n - number of engines in the helicopter 


41 


PSHP - zero velocity shaft horsepower 
(phantom shp ) 



Note: registers 00-09 are also used by other programs. 
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7. Program Listings 



0i*LBL •FUEIFL’ 
•02 -SFC-^'?’ 

03 PROMPT 

04 STO 01 

05 .35 

00 -SHP-H-?- 

09 PEGfiPT 

10 STO 02 

11 -SFC-H^" 

12 PROHPT 

13 STO 03 
H .35 

15 * 

16 -ST* 03 

17 *SHP-H-?- 
13 PEOtlPT 

19 STO 04 

20 ■SFC-C'>- 

21 PROHPT 

22 STO 05 
•23 .05 

24 * 

25 ST4 05 
•26 -SHP-C?' 

27 PROHPT 
•28 STO 06 
•29 PCI 01 

30 RCL 02 

31 * 

32 STD 07 

33 RCL 03 

34 RCL 04 

35 * 

36 STO 08 

37 RCL 35 

38 RCL 06 

39 * 

40 STO 09 

41 CLK 

42 RCL 37 

43 RCL 03 

44 - 

45 RCL 02 

46 RCL 04 

47 - 

40 / 

49 m 

50 STO 38 



51 CLK 

52 RCL 97 

53 RCL 09 

54 - 

55 RCL 02 

56 RCL 06 

57 - 
53 / 

59 fies 

60 ST4 38 

61 CLX 

62 RCL 08 

63 RCL 09 

64 - 

65 RCL 34 

66 RCL 06 
6 ? - 

68 / 

69 oes 

70 ST+ 33 

71 3 

72 ST/ 38 

73 RCL 38 

74 FIX 4 

*?c -D-» 

{ D- 

75 -hRCL K 

77 SVIEs 

78 STOP 

79 FIX 2 
88 RCL 02 
81 * 

82 CHS 
S3 RCL 07 

34 * 

85 STO 39 

86 CLK 

37 RCL 38 
88 RCL 04 
39 » 

90 CHS 

91 RCL 08 

92 * 

93 ST* 39 

94 CL.X 

95 RCL 38 

96 RCL 06 

97 * 

98 CHS 

99 RCL 09 

100 ^ 
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m 39 


151 flVIEH 


!82 3 


152 STOP 


!03 ST/ 39 


153 CLX 


104 RCL 39 


154+LBL -FF- 


185 CLfl 


155 FS? 03 


106 •flLPHfl=- 


156 GTO 02 


107 SRCL 


157 -POWER?- 


108 flVIEy 


158 PROMPT 


109 STOP 


159 X=0? 


110*lBL -opcon- 


160 GTO 01 


lll^LSL -PRfiT io- 


161 XE9 -Dfi- 


ns -P.H. FT?- 


162 GTO 02 


113 PROHPT 


163*L3L 91 


114 6.3754 E-6 


164 -RSHP= ? 


115 » 


165 PROMPT 


116 CHS 


166 GTO 03 


117 1 


167*L3L 02 


113 + 


163 RCL 37 


119 EHTEPt 


169*LBL 83 


123 5.256 


178 RCL 40 


121 VtX 


171 1 


122 STO 02 


172 - 


123HBL -TRflTiO- 


173 .1 . 


124 -T <F>?- 


174 » 


125 PROMPT 


175 1.03 


126 459.633 


176 + 


127 + 


177 * 


128 513.688 


173 18 


129 ■•■■■ 


179 t 


133 SORT 


188 RCL 41 


131 STO 03 


181 + 


132 RCL 39 


182 RCL 33 


133 RCL 02 


133 * 


134 * 


184 CLG 


135 RCL 03 


135 -WF=- 


136 * 


136 hRCL X 


137 -2HI=“ 


187 OVIEW 


133 hRCL X 


138 EHD 


139 OVIEH 




140 STOP 




141 RCL 33 




142 / 




143 -H=?- 




144 PROMPT 




145 STO 40 




146 ♦ 




147 STCf 41 




143 CLfi 




149 -PSHP=- 




150 hRCL X 
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WEIGHT 



1. Purpose 

This program computes the estimated total weight of an 
installed engine plus the weight of fuel consumed for a 
design mission profile by a helicopter with that engine(s) 
installed. The fuel weight calculation requires computation 
of maximum endurance velocity and the power associated with 
operation at both cruise and maximum endurance velocities. 
The program offers the option of direct input of rotor shaft 
horsepower required (previously computed by the user) or the 
use of program "POWER" to calculate the required power using 
a velocity input. The user must already have determined the 
maximiim endurance velocity in either case. Program "VE" can 
be used in conjunction with "POWER" for this purpose. If 
"POWER" is to be used, it must be executed first so that 
geometric data for the helicopter may be calculated. 

"WEIGHT" enters program "POWER" at subroutine "DA" so that 
the correct altitude and temperature for the design may be 
selected as well as to save computation time. "WEIGHT" also 
utilizes subroutine "OPCON" from program "FUELFL" to calcu- 
late fuel flow rates. The calculated values are displayed 
as follows: 

Display: Explanation: 

WEI = Weight of engine-installed (lb) 

FL WT = Fuel weight for mission (lb) 
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WTT 



Total weight of installed 
engine plus mission fuel (lb) 



2. Equations 



W 

”ei 

w 

'^tf 



45 + 1.2 
.05 W^<NRP> + 



MAX RANGE 
^CRUISE 



^^f ^^CRUISE 



>) 



+ .25 + .05 W„<NRP> 

I END I 

^'tt = ^EI ^ ^tf 

= (PSHP + ESHP)S 



where : 



W 

ED 

W 

El 

W 

tf 

w 

tt 

^CRUISE 

PSHP 

W^<NRP> 

''^f ^^CRUISE^ 

Wf 

ESHP 



/s 



3 



is the engine dry weight (lb) 

is the engine installed weight (estimated) (lb) 

is the total fuel weight for the mission 

is the total weight of installed engine plus 
mission fuel (lb) 

is the specification cruise velocity (KTS) 

is the shaft horsepower required at zero 
velocity (phantom shp) 

is the fuel flow rate of the engine at normal 
rated power (lb /hr) 

is the fuel flow rate of the engine at cruise 
velocity (Ib/hr) 

is the fuel flow rate of the engine at maximum 
endurance velocity (Ib/hr) 

is fuel flow rate (general) (Ib/hr) 

is engine shaft horsepower (hp) 

is the slope of the fuel flow line for the 
engine 
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3. Flowchart 



tar 




ne xt page 
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4. Example Problem and User Instructions 

Find the total weight of the installed engine plus fuel 
weight for the preliminary design of a helicopter under the 
following conditions; 

WED = 400 lb Operating Conditions 

Range = 350 nm PA = 0 

V<crus> = 100 kts; P<crus> = 531.87 shp T = 59 F 

V<end> = 58 kts; P<end> = 383.42 shp 



Note: If it has not already 

"FUELFL” now using the engine 
sample problem. 

a. Assume "POWER” will not 
Keystrokes : 

(XEQ) (ALPHA) WEIGHT (ALPHA) 
400 (R/S) 

(R/S) 

350 (R/S) 

100 (R/S) 

0 (R/S) 

531.87 (R/S) 

0 (R/S) 

59 (R/S) 

(R/S) 

2 (R/S) 

(E/S) 



een done, execute program 
data included with the "FUELFL" 

be used: 

Display : 

WED=? 

WEI = 525.0 
RANGE=? 

V<CRUS>=? 

POWER? 

P<CRUS>=? 

PA FT ? 

T(F) ? 

ZHI = 135.2 
N = ? 

PSHP = 685.46 
WF = 511.90 
P<END>=? 
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383.42 (R/S) 



WF = 445.67 



(R/S) 



FL WT = 1930.37 
WTT = 2980.37 



b. If "POWER" is loaded and executed using the sample 
helicopter design data included as an example with 
the "POWER" user instructions, run "WEIGHT" again 
with the same engines and operating conditions. 

Keystrokes : 

(XEQ) (ALPHA) WEIGHT (ALPHA) WED=? 



400 (R/S) 
(R/S) 

350 (R/S) 
100 (R/S) 

1 (R/S) 

0 (R/S) 

59 (R/S) 

0 (R/S) 

59 (R/S) 
(R/S) 

2 (R/S) 
(R/S) 

58(R/S) 

(R/S) 



WEI = 525.0 
RANGE=? 

V-CRUS=? 

POWER? 

PA=? 

T(F)=? 

PA FT ? 

T(F) ? 

ZHI = 135.2 
N = ? 

PSHP = 685.46 
WF = 511.90 
V<END>=? 

WF = 445.67 
FL WT = 1930.36 
WTT = 2980.36 



5. Programs and Subroutines Used 

"FUELFL" (entered at subroutine "OPCON" or "FF") 



"POWER" (OPTIONAL) 
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6. Storage Register Utilization 



Table VI shows specific storage register contents. 

TABLE VI 

Weight Storage Register Utilization 



Storage 

Register 




stored Quantity 


01 


W 

tf 


- total fuel weight for mission profile 
(lb) 


02 


5 


- ratio of pressure to standard sea 
level pressure 


03 


/0 


- square root of the ratio of absolute 
temperature to SSL absolute tempera- 
ture 


42 


W 

"'ei 


- estimated engine installed weight 
(lb) 



Note: programs "FUELFL" and "POWER" utilize registers 



00-41. The quantities stored in registers 01-03 above 
are lost after the execution of "WEIGHT." 
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7. Program Listings 



0i#LBL -MEIGHT’ 

02 Sr 03 

03 

04 PRCI1PT 

05 1.2 

0f. * 

07 45 
03 + 

09 STO 42 
18 ■yEI=‘ 

11 flPXL X 

12 flVIEH 

13 STOP 

14 -RflHGE?- 

15 PROMPT 

18 •V-CRUS'?- 
17 PROMPT 

13 STO 20 

19 / 

29 STO 01 

21 1.83889 

22 ST» 2V3 

23 -POyER?- 

24 PROMPT 

25 X=0' 

26 GTO 81 

27 XEQ “lift- 

28 XE3 ‘OPCOH" 

29 PSE 

30 kCL 01 

31 * 

32 STO 01 

33 ■V-ENU'>- 

34 PROMPT 

35 1.68389 

36 * 

37 STO 20 
33 XE9 -PI* 

39 GTO 02 
40*LBL 01 

41 •P<CRU3>?‘ 



42 PROMPT 

43 STO 37 

44 XE9 -OPCOH* 

45 PSE 

46 RCL 81 

47 4 

43 STO 01 

49 -P<EHD>'?- 

50 PROMPT 

51 STO 37 
52*LBL 02 

53 XEQ -FF- 

54 PSE 

55 .25 

56 * 

57 STt 01 

58 RCL 04 

59 SCI 40 

66 4 

61 RCL 41 

62 + 

63 RCL 33 

64 * 

65 .1 

fed '* 

67 ST" 31 
63 CF 03 

69 RCL 01 

70 "FL '4T=- 

71 QRCL X 

72 QVIEM 

73 STOP 

74 RCL 42 

75 RCL 40 

76 ^ 

77 + 

78 ■aTT=" 

79 QRCL X 

30 HV1E4 

31 EHIi 
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APPENDIX D 



FORTRAN ENGINE OPTIMIZER 

This appendix contains an interactive computer program 
written to optimize the selection of a turboshaft engine for 
the preliminary design of a helicopter. The program is 
written in FORTRAN and implemented on the IBM 3033 computer. 
Optimization is accomplished by the selection of the power- 
plant which results in the minimum total weight of installed 
engine(s) and fuel for a specific mission profile. The 
mission profile used for calculation of fuel weight is taken 
from the Helicopter Design Manual by Stephen G. Kee [Ref. 1] 
and represents a typical design flight profile. Computation 
of fuel flow characteristics is based upon equations developed 
in Chapter 14 of [Ref. 22] but also include a 5 percent 
increase in the engine manufacturer's published fuel flow 
data. This procedure coincides with preliminary design 
criteria established for military helicopters [Ref. 2]. 

The program uses data which must first be generated by 
the user using the Helicopter Power Computation Package 
[Ref. 21]. This data provides rotor shaft horsepower 
required for the specific helicopter being designed. 

This program accomplishes the same results as the 
programs developed for use on the hand-held calculator 
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(Appendix C), but it has three main advantages over those 
programs : 

1. Much less computation time. 

2 . Neat , hard copy output . 

3. Up to five engines may be compared and an optimum 
engine selected. 

A . PURPOSE 

The program allows the user to rapidly calculate the 
fuel flow rate of an engine (or engines) for any power 
setting (or velocity from hover to maximum velocity) 
desired, at any temperature and altitude up to 36,000 feet. 
The only engine performance data required from the user for 
these calculations are the standard sea level shaft horse- 
power available and fuel consumption at military, normal, 
and cruise power settings (Appendix B). The program also 
provides a method of engine selection based upon weight of 
installed engine and mission fuel. This optimization may 
then be used in conjunction with cost analysis to make a 
final selection of the powerplant to be used in the design. 

B. INPUT REQUIRED 

1. Specific fuel consumption and engine shaft horsepower 
available at standard sea level conditions at normal, 
military, and cruise power settings. 

2. Manufacturer's engine dry weight in pounds. 

3. Pressure altitude in feet and temperature in degrees 
f ahrenheit . 

4. Niimber of engines to be used in the helicopter design. 
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5. Required rotor shaft horsepower (RSHP) or velocity 
in knots for the RSHP at which the fuel flow rate 
is to be computed. 

6. Design maximum range. 

7. Design cruise velocity. 



C . OUTPUT 

See sample problem data output. Note: SFC are increased 

by 5 percent in the output data. 



D. EXAMPLE PROBLEM AND USER INSTRUCTIONS 

1. Input the basic helicopter design parameters using 
EXEC "HPLINK" (use of this EXEC file is quite simple 
and is explained in detail in [Ref. 21]). For this 
example use the following design parameters; 



Main 


Rotor 


Tail 


Rotor 


Aircraft 


C = 


1.5 ft 


C = 


0.50 ft 


L<tail> = 


23.50 ft 


R = 


20.0 ft 


R = 


3.00 ft 


W<gross> = 


7,000 lbs 


b = 


4 


b = 


2 


F.P.A. (FF) 


= 21.2 


CdO 


= 0.01 


CdO 


= 0.014 


Vmax = 120 


kts 


RPM 


= 296 


RPM 


= 1332 







Environmental: PA = 4000 ft 

T = 95 F (design conditions) 



The above procedure results in the creation of file 
"HPWRPIP DATA" on the user's disk. This file contains 
rotor power requirements in level flight for the helicop- 
ter being designed. 

2. From CMS run program "FUELFLO" FORTRAN by typing: 
Global Txtlib Fortmod2 Mod2eeh Nonimsl 
Load FUELFLO (START 
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Note: No file definitions (FILEDEF) are necessary, the 

program defines read and write files internally. 

3. Respond to interactive prompts written on the 
terminal screen. Use the following data: 

Engine 1 





SHP 


SFC 


Military 


1561 


.46 


Normal 


1310 


.47 


Cruise 


989 


.51 



Dry Weight: 423 lb 

Pressure altitude: 4000 ft 

Temperature: 95 F 

Number of engines in powerplant , N: 2 

Select the velocity option (option 2) for determination of 
Rotor Shaft Horsepower Required (RSHP) for the fuel flow 
rate calculation; then use: 

Velocity: 75 kts 

Select "N” to skip computation for different conditions 
or engine. 

Select "Y" to compute the mission fuel weight; use: 

Range: 350 nm 

Cruise Velocity: 100 kts 

Select "Y" to compare a second engine; use the following 
data: 
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Engine 2 — 






SHP 


SFC 


Military 


1561 


.46 


Normal 


1310 


.47 


Cruise 


1000 


.55 



Dry Weight : 375 lb 

Number of engines in powerplant , N: 2 

Select "N” (No) to skip additional engine comparison. The 
optimum engine selection will be displayed and the program 
terminated. 

4. Hard copy results will be available in file "FUELFLO 
DATA” which is created by the program onto the user's 
disk. A copy of this file is presented in paragraph 
F below. 

E. ALGORITHM 
Algorithm FUELFLO 

Read helicopter design and power required data 
Assign engine number 
Write user instructions 
Prompt for engine data 

Prompt for engine SSL performance characteristics 
Check SFC < 1.0 

Reenter SFC if not < 1.0 
Check SHP > 1.0 

Reenter SHP if not > 1.0 
Prompt for engine dry weight 
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Calculate slope of fuel flow line and the zero horsepower 
increment (SSL) 

Call subroutine FUELSL 
Output engine SSL data 
Do if J = 1 

Input PA and T 

Calculate pressure and temperature ratios 

Call PRATIO 
Call TRATIO 

End Do 

Input momber of engines to be used in the helicopter 
Calculate zero horsepower intercept at operating conditions 
Call ZHIALT 

Calculate the zero velocity horsepower (Phantom SHP) at 
operating conditions. 

Call ZVHP 
If J = 1 

Input rotor power requirement 
RSHP directly 
Else 

Velocity at which RSHP desired 

Check that PA and T are the same for power 
calculations as those at which the engine is 
being evaluated; if not print a caution message 

Get RSHP from "HPWRPIP DATA" 
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Else use power required entered for engine 1 
Calculate fuel flow rate at operating conditions 
Call FLOALT 
Output fuel flow data 

Give options for doing additional fuel flow calculations 
If desired, calculate fuel flow rate with different 
PA and T 

If desired, calculate fuel flow rate with a different 
engine 

Calculate fuel weight for the mission profile 
If J = 1 

Input design maximum range 
Input design cruise velocity 
Else use range and cruise velocity previously entered 
Read cruise power required from "HPWRPIP DATA" 
Calculate maximum endurance velocity and rotor power 
required 

Call MAXEND 

Calculate the zero horsepower intercept at the condi- 
tions used for power required calculations 
Call PRATIO 
Call TRATIO 
Call ZHIALT 

Calculate the zero velocity shaft horsepower (phantom 
SHP) 

Call ZVSHP 
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Calculate fuel flow rates at cruise and maximum 



endurance velocities and at normal rated power 
Compute fuel flow rate using normal rated 
power required 

Call FLOALT using cruise power required 
Call FLOALT using max endurance power required 
Calculate total fuel weight 
Call FUELW8 (Fuelwt) 

Calculate estimated installed engine weight 
Call ENGWT (W^j) 

Calculate total weight of powerplant plus mission 
fuel 

= n(Wgj) + Fuelwt 
Output mission profile data 
If J<5 

Give option to try another engine 
If yes 

Return above and prompt for engine data 
Run through program again 
Else continue 

If J>1 

Determine the powerplant with the minimum total 

weight of engines plus fuel 

Output recommendation for engine selection 

End FUELFLO 
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F . PROGRAM RESULTS 



4 : 4 c :««« : 4 c « ENGINE FUEL FLOW AND OPTIMIZATION 



ENGINE 1 DATA 

SHP 

MILITA3Y 1561.00 

NORMAL 1310.00 

CRUISE 989.00 



DRY WEIGHT: 423.0 LES 

BETA: 0.3948 

ALPHA: 135.32 LB/HR 



SEC 

0.4830 

0.4935 

0.5355 



PA: 

TEMP: 

ZHI: 



fOEI, FLOW RATE 

4000.0 FT N: 2 

95.0 F 'PSHP: 

120. 86 LB/HR RSHP: 

FUEL FLOW RATE: 417.76 LB/HR 



MISSION PROFILE CONDITIONS 

PA: 4000. FT TEMP: 

MAX RANGE: 350. 00 NM 

CRUISE VEL: 100 KTS CRUISE PW R REQD: 

MAX END VEL: 65 KTS MAX END PWR REQD: 

INSTALLED ENGINE WEIGHT <EA>: 552.60 LB 

FUEL WEIGHT: 1326.80 LB 

WEIGHT OF INSTALLED PCWEFPLANT 1 AND FUEL: 



**♦4: 4e4c4c#4c4!4c4c 



612.21 SHP 
385.70 SHP 



95. F 

4 71-. 2 0 SHP 
377.30 SHP 

2932.00 LB 
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ENGINE 2 DATA 

SHP 

MILITARY 1561.00 

NORMAL 1310.00 

CRUISE 1000.00 



DRY WEIGHT: 375.0 LES 

3ETA: 0.3218 

ALPHA: 244.14 LB/HR 



SEC 

0.4830 
0.4935 
0.577 5 



FUEL FLOW RATE 

PA; 4000.0 FT N; 2 

TEMP: 95.0 F PSHP; 

ZHI: 218.05 LB/HR RSHP: 

FUEL FLOW HATE: 57 9.5 5 IB/HR 



1355.34 SHP 
385.70 SHP 



? A; 

MAX RANGE: 
CRUISE VEL: 
MAX END VEL 



MISSION PROFILE CONDITIONS 

4000. FI TEMP; 

350. CC NM 

100 KIS CRUISE PWR REQD: 

; 65 KIS MAX END PWR REQD: 



95. F 

471.20 SHP 
377.30 SHP 



INSTALLED ENGINE WEIGHT <EA>; 495.00 LB 

FUEL WEIGHT: 2409.25 LB 

WEIGHT OF INSTALLED PCWERPLANT 2 AND FUEL: 3399.25 LB 



RECOMMEND ENGINE 1 BE SELECTED 
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G. COMPUTER PROGRAM 



ooooooooooooooooooooooooooooooooooooooooooooooo 

T- cN ro zr IT) VO 00 o ^ <N rn iS" tn VO CO O' o cN on m VO GO cr> o ^ (N ^ -a* m VO 00 a^ o ^ cN ro ^ m VO 

^ ^ ^ ^ ^ ^ ^ ^ ^ <N CN CN cN cN CN CN CN cN CN on m on CO m on on GO m on ^ ^ ca* :3' cr O’ 



***-»•* 

**•«"»* 

* * * * * 
-»• * *»• -»• * 

* * •»• 

* -»• 

* * 

* * 



* * -w■ 

* * •»• 
-»- * 

* * 

^ * ‘ii- 

-»- * * 

* * * 



* 

•»■ * 
* -»• 

* * 
* * 

■»• * 



* * * * 
* * 

* ««• 



* * 
* •»• 



►JH 

Wfc-* 

3CJ 

fc^W 



**-»• 

***** 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
* * * * * 
CJUUUU 



* * * * * 

* * * * * 

* * * * * 

* * * * * 

* * * * * 

^(. * * * * 
******* 
******* 
* * * 
* * * 
* * 
* * 
* * 



**************************** 

**************************** 



o 

w 

OS 

OQS 

W3 

OSOi 



* * 


Ln 


E-* 


* * 




t 










* * 


U 


CO WZU 


* * 




wosos 






M 




* * 


M 


z zo w 


* * 




tZO 






u 




* * 




M HHCO 


* * 




COOiW 






0 




* * 


CO 


ow w-a: 


* * 










w 




* * 


M 


zNzzcrj 


* * 




EhOSCU 


w 




w 




* * 


QSZ 


WMO 


* * 




-a:OS 


w 




> 


>4 


* * 


WO 


EOiWW 


* * 




ww 


w 






Eh 


* * 


Ehm 


WWZWS 


* * 




W Eh 


w 




w 


M 


* * 


UPh 


EhPh ZH 


* * 




OS -a: 


0 




u 


CJ 


* * 




)C Oj 0 W 


* * 




ZOiQ 


OS 


OS 


Z 


0 


* * 


0S^3 


wow OS 


* * 




CO z 


Oj 


0 


c 


W 


* * 




Z CO wo 


* * 




COQ-a: 




Eh 


ca 


w 


* * 


zs 


UOc-a: w 


* * 




wz 


z 


0 


E 


> 


* * 


UM 


W 6 ^ CQ Eh • 


* * 




OS^W 


0 


OS 


O 




* * 


9^ 


.c owos 


* * 




Oj 25 


M 




z 


w 


♦ * 


3CU 


CJOEhEhWW 


* * 




WM 


CO 


w 


w 


CO 


* * 


00 


2Z WEh 


* * 




020 


CO 


H 




M 


* * 


w 


o-« -^owcu 


* * 


w 


EhMZ 


w 




X 


s 


* * 


wz 


H WZOO 


* * 


OS 


ow 


E 


CH 


c 


OS 


* * 


0 


cow-*: 030 


* * 


z 


tZ 




EhsOS 


u 



QCJ03 Q4M 
UJMWtH nJOn 
ZbH3X25U400 

C>c>^0 0022 ov 



* * 
* * 
* * 
* * 



* * 


w 


mmWmm ♦-» 


* * 


* * 


ww 


cow wcoitf: 


* * 


* * 


zco 


MCs3<C3C0 ^ 


* * 


* * 


w 


QEh MW«- 


* * 


* * 


ow 


CJWWSO 


* * 


* * 


z z 


cort:Oz X 


* * 


* * 


WM 


MCa MZZC 


* * 


* * 


0 


rt5zc:?ocjs 


* * 


* * 


zz 


EZO ZMM 


* * 


* * 


ow 


<UM WCOCO 


* * 


* * 


M 


US Eh ww 


* * 


* * 


COQ 


C^ZCJQ WQ 


* * 


* * 


WZ 


OOWW 


* * 


* * 


W<«a; 


US»-|M ww 


* * 


* * 




04 WWWZ 


* * 


* * 


0 


CO<<Eh 


* * 


* * 


W 


cow Eh 


* * 


* * 


w 


mwwcods 


* * 


* * 


z 


Z23ZZO 


* * 


* * 




fcHWEHMW 


* * 


* * 






* * 


* * 






* * 


* * 






* * 



CJ 

ss 

w 

s 

o 

z 



OS OS 

oo 

OO 

OS OS 

Zi-3 
MM 

se-» 

PuiU W 

VJU rtS O 
OQ Oi 

r^ZQ QOOQ 
32MW WWW W W 
OS CO OS OS OS OS 
O WM03MMMM 
HOr>02)25r)23 
2)0»3C OOOCV 
CJ3HW WWWW 
(jMUSfcHO5OSO5CB0 

Eh Pu CqWCOWWW 



UJOQ 



caca 


QSZ 


00 


00 


HtH 


MM 


OCJ 


UO 


Qzas 


ZZ 


zw 


zw 


MM 


MM 






E6H 


SEH 


% ^ 


% % 


OSZUSZ w 



* * ♦ * 
* * * * 
* * * * 
* * * * 
* ♦ * * 
* * * * 
* * * * 
* * * * 
UUUU 



* * * 
* * * 
* * * 
* * * 
♦ * * 
* * * 
* * * 
* * * 
CJCJCJ 



* 

* 

* * * 
* * * 
* * * 
* * * 
* * * 
* * * 
* * * 
* * * 
UCJCJ 



* * 

* * 

* * 

♦ * 

* * 

* * 

* * * 

* * * 

* * * * 
* * * * 
uuuu 



U) 

w 

w 

PQ 

«< 

M 

OS 

c 

> 



» HW02 OS 

Z ^ oooo 

3M < 4 ; OS «3: C kZ4 

OW O 030S 

E-^bOiOOi-J 
WCU C E W 

JZ 

WCO WOjEhOOW 

w QQOS 

S tOSQSEZZWWW 

wcnooco:s3wwo 

S>2S2:C0fc-'HOO 

Qj uu wwaaouHEH 

os E323J»-ius<cusososQs:x3:oc3cs:? 

cn:xusosu-iwwososooO'<w2:o-iwwwououou 
00 cjUOOMbHos 3 CO 3 : 3 : :is Oi CM 04 Oi tu 

c wHHwzze-»eHW wii^wo 0000 

OSOOOOWWOO^CS OSO 4 EU 4 O 4 U 1 U 4 WQQMIXI w 
CO OSOS OSOSOSQS 2:0 O WWW»-ii-SM 

^3W OWW h4COHC>1i-S6-»WWWiJ(JCJCJMMM 
Oj Z w M W W Z W C CO O CO << Z ^ iO S E w w w 

OOMMHWWMM6-»CzWe-»^6-»6-+6-+6-*QQQOOO 
-a: rf! <C H H O 05 w OS o 2 : o o o O 22 2S Z OS OS OS 
-< CO au H 05 a Q S fcH tn O »--l 04 tH 04 fc-J tr4 H tH M M M 04 04 04 



E-» 

C C t— 3 : E6h S 2 H 

X-s: E-»WCl 4 W HQOiO SEhMMMOOO 

OiH WWW W WzZOSOSOSQSOSOSOSOSOSOS 

WWSe^WMM£H53&H«CWC0;Z33Z3ZZSZZ3e 
^cQUUOOaQOwc^wcuajajwajCMajOiaiaiCuajW 



**************************** 

CJCJCJUCJCJUCJ'-'^CJCJ'WUUM-^CJUCJUCJCJCJCJCJUCJCJ 



08 



oooooooooooooooooooooooooooooooooooooooooooo 
GO o ^ 43“ iA'C 00 o o ^ <N m VO r' 00 o ^ (N rn 43“ lo VO 00 o o ^ <N m ^ trj VO GO (T* o ^ 

^ ^uoinLniDtnLnLnintninvovovovovovovovovDvDr^f^*r^r^r^r^r^r"r^r'OOcoooGOooQocoQoaDcoo>CT' 

^0Si0Oi0Si0Si^feii^0a:iegi0ai0S:ieS*0S:t^0eXi0S:ieSiP^ieSi0Sl0ai^feSi03i^03i0ai0ait^fiai0^teXi0i:0a:$eSifeii0ai0aixC0^0altegi0Sl 



* * 
* ^ 
* ^ 

* 

* 

• * 



















* 


• 










zz 


z 




* 


CO 










zz 


z 
















zz 


z 




* 


H 






• 




zz 


z 




* 








On 




00 


0 










H 


3 




Z04 


z 






cu 




3 


z 




zz 


z 


M 


* 


s 




w 0 


M 




zz 


z 


E-»Z 


* 


w 


cn 


Z M 






zz 


z 


3^: 




cH 


M 


VH W 


Q 








oz 


* 




0 


0 Z3 


z 




zz 


z 


CJ 




CU O 


z 


z z w 


•4: 




x> 


X 


MZ 


■»> 


=: H 




W Z Zm3 






MM 


M 


ZM 


* 


cn 


H 


cn z Oco 


t 




H£h 


H 


Z M«^ 


* 


\ H 


M 


WZ 0 040 






CJCJ 


CJ 


CH Z 


* 


au »-i 


04 H 


HZO 04 z 


z 






rt: 


z zz 


* 


s 


3 C&4 


ZOM W 


•*3: 




zz 


z 


Z 3 


* 


\ 


Z «< 


C3 H QZCJO 






zz 


z 


• #MZ£h 




□3 £h 


M as 


hzm wzzz 


u 




HH 


H 


xzo 


* 


mJ C 


z CJ 


woo £-•»«:'< 


z 




zz 


z 


M ZZ 


* 




3 Z 


z zz «:oo3 


z 




MM 


M 


M •• 0 


* 


• • f 


M 


HOtW ZZ3M 


M 








CJXQ 


* 


Z 04 


Cxh C 


WZCJ> QZ 


in 




zz 


z 


OEhZX 


* 


O s 




ZCD W zcoz-^a: 


z 




00 


0 


mmwm 




MUSU 


cn 04 


M^-tzz -«cnwz 


a 




MUh 


MZ 


ZCJZM 






WX3 


OCOZ *3M UU 








z 


>OZM 


*»• 


O 4 Z 


cwfi-ieH 


ZZOrtEnZZXZ 


e-^ 




QQ 


EhO 


M CJ 


* 


SO&4 


ZM 


W ZWZOZrtSW 


rt: 




zz 


CJZ 


zzno 


* 


3040 


OCJCu 


Oi*3cn'<zcjzz 






zz 


Zen 


cnx ZM 




Oi COUJ 


woo* 


xz 0 


zz 




33 


MX 


M -cz 


*»• 


coz cozcoO 


Q»-4 H 


zzGHMHeHe-^e-»04oo 






zzz 


Z3Ct^Z> 


* 


3CO 30CCM 


WXM 


0 Z •< *< *< AC << 


zz 




Eh M zz Z Z Z Z CJ z 


*»• 


M wmO en 


ZS»MCJ 


^ C&4 zz 




zz 


Z3 MQCJZOO 


* 


03003 a Zrt;z:SM MO>> 


cnHwwzwwwo 






rtSrt: 


Mi<zz«4: <zz 




tuco C3U4U4 UUh-)Eh 


• cn M M tr» M H M 


zz 




ZHM 


CJMZxaSMZZ C 


« 


303H CSEOEh 


zz fCjocoMZz-«rt:»«Crt:rt:rt:g-icow 




zzz 


ZZMMZCJ 3 ZZ 


* 


0 0 3l*-Ct4 


H Z »-43 > 0 M M Z Z Z Z Z Z X3 3 




ZZ;h:3 


Z CJ z 


M3 V^Z 


* 


U4P3U4 CCCi4>< 0(J303»-4*4:M 003 OtMM 




3VJU 


os;-&^ 


ZHZ 0 




0 0 3 








3CJU 


Z0Z>0<!ZEhZ 


♦ 


UHQ04eHCJC/^tHH6-i =3 OWHCOOOOOOO W0404 




z 


OM 


HCJ Z 




t-'OCO^OM 000 fcHOCaz>CJbHi-4»-4M»-4>-4^3C33 




MM 


0 * 2 M 0 MSZS 


♦ 


MU303cnQ5U4WO^J'-03»<zcr;rt: 


(cCHa:ZZZZZZ 


zcn 




z*o:rtj 


ZZ3-5ZZ333 


* 


C/^ MQ3 MZ03 


Z<<ZMCl4Z hJ 






ZCJCJ 


Z 3CJ 


MSZ3 


» 


«*:Z3 iJCJM 


ZZZ Z 3 


ZmZzZZZZ-COO 




MMM 


fflZMMMCJMZM 


•»- 


css M OXM « 0 03 MM S><! 03X04 


ZHZZZZZZHZZ 




000 


3 MMOMZXCJX 




rt: rt: w rt: -c 04 z o»< « «: O z 


rt:cn3333330WW 




3OO3rt:04O»<04-czrt: 




04 S Z Z ^ cn M c/7 23 b-t bH Z Oh Z M 


SP 4 ZZZZZZ& 4 ^< 1 C >4 


• • 


ZMM 


Z30Mb-»ZSM3 


* 










z 


















z 








* 


X -a: 








z 


•— 






* 


z M 




X H 




0 


CuCU 




Z 


* 


Oi 0404 CO 


Q 


z zz M 


X 


z 


zz 


X 


3QOX 


* 


Z 33 OCLi3 


zzz 


QM CnrtrtSZCJOMM 


M 


zz 


3Z 


zzz^a: 


* 


zscncnbHP^sHZH M&HZZu-icotKHixHCzHMCKH^e-ixx 


z 


zz 


330 HCJMM 3 


♦ 


04 z z 03 3 cn cn cn 


CncnHS»OS» 5 > 3 taZ 3 : 3 Z 33 PZ 


CSI ^3 


M 


nMM 3 Z! 3 ZZ>>>> 


* 



* 

* ♦ 
* ♦ 
* * 

UUU<JUUUCJOUCJUCJUUUUCJUCJUUUCJUCJUUCJUU«^CJUCJ<w>UUUUUUUCJ 



69 



oooooooooooooooooooooooooooooooooooooooooooooooo 
(N rn ^ m VO 00 o ^ CN ro ^ m VO r* CD o r- CN no ^ tn VO 00 cT^ o CN on rt cn VO GO cs o 'T- CN no 3 - LO VO 00 CT> 
0 > 0 > CTi aN<T» ON 0 > < 7 ^ O O OO OO O O O O r- T- r- T- ^ ^ T- t-CN CN <N CM (N^N CN CNCNCN no mm noon no oono no no 






1 3U0CU 


w — 


% 












'W 




1 




1 ^ 


eo 


kr* 












3 




1 




1 HH % 


MO 


3 












3 




1 




1 


03 CN 














3 




1 




1 -CHS 


3 


S 










1 


3 




1 




1 gnSW 


Oi:^ 


3 










1 


% 




1 




1 w o 


%&4 


% 










1 






1 




1 OZ A % 




X 










1 


M 




1 




1 E-TOt«S 


o » 


C 




1 






1 






1 




1 


o-^ 


s 




1 % 






1 


O 




1 




1 %04 >■ 


CNO 


> 




1 m 






1 


3 




1 




1 ^ 


^O 






1 






1 


3 




1 




1 mtnOu 


SCN 


H 




1 3 






1 


3 




1 




1 


M^ 


3 




1 M 






1 






1 




1 H— 


03Z 


CJ 




1 3 






1 






1 




1 OinoOj 


30j 


> 




i 3 






1 


M 




1 




1 % 


Oi03 


% 




1 3 






y 






1 




1 cnOEH 


«»3 


X 




1 3 






1 


M 




1 




1 %CuiO 




-cC 




1 33 






1 


3 




1 




1 ^cnos 


O % 


s 




1 • 






1 


3 




1 




r rr» ^ 




> 




1 % 






1 


3 




1 




1 


CNO 


% 




1 » 






1 






1 




1 MM % 


'-'O 


u 




1 






1 






♦ 




1 o = = 


MCN 


3 




1 






1 


M 




1 




1 Ctipgo 


03^ 


M 




1 












1 




1 cn %o:o 


3CU 


> 




1 






0^ 






1 




1 


04 03 






i ^ 








3 




1 




1 HnoOiW 


t»3 


CO 




\ 07 






c 


3 








1 &-i^ ^ 




o 




1 M 






H 


3a-. 




07 




1 »<MO % 


O ^ 


03 




1 Q 






*<CJ 


MH 




z 




1 OiScsE-i 


O^ 


O 




1 • 






Q3 






o 




1 MS33CJ 


CNO 


> 




I *>j— 






M 


MH 




M 




1 X %04 « 








1 a* m 






3> 


^-o 




£h 




1 ^ 


HCN 


X 




1 






M ^ 


S03 




U 




1 04SgHa 


03 w 


03 




1 






3X 


33 




o 




EU4M % 


3H 


o 




1 






3<5 


33 




3 




tn CDMCKH 


cuo 


3 




1 






33 


3 ^ 




H 




wcc-cscc: 


MS 


% 




1 






3X 






O) 




J % %cu % 








1 






S ^ 






z 




cQOie-4 


OOi 


04 


\ 














M 




-a: nzMacLO 


o % 


cn 




cn^*a: 






• •M33 


"-rs 








Mcn*<M ^ 


CN^ 


w 


ca 


w- • 






w % % % 


30 




3 




cc; di&^ccs: 




03 


» 


hJ % ^ 






M>*a:3E-t 


33 




M 




rf: ^06 3 0 


SO 


hJ 


X 


M« • 






MMCJCJ 


33 




cn— . 




> H ^ 


SCN 


% 




3 






M % ^ ^ 


Ol4 




o- 




3M 


3 ^ 


Ui 


U4 


M 






M3M 


_ — _ « 




z 




W iJCDMQ 


O^S 


cn 


cn 


MM 






3HQQ 


M— . 




M03 




OS EkJMCS % 


•-U 


U4 


LX4 


3Ui 






(j % % % 






HCJ 




•ossil; 




K 


3 


MWC 






3«C3b-i 






Mcn 




%OiQS 


03 


M 




mme-» 






M333H 


MH 




33 


X 


u % % 


Ot^ 


% 


% 


MM-a: 






« % MZ 


>M 




3M 


3 


vu «< tuH2J 


CN % 


3 


X 


QMM 






<«a;33fcHCJ 


MS 




CJ 


O 


Q t-ii:*a5cn 




tk 


» 


• • 






HCJ07 07 >6H 


:S3 




1 • 


Z 


nJ KX % 


030 


:ai3 


X 


1 


CJ 


A 


<a! 3 


3 




1 


a—. 


V wcDaig-4 


30 


% 


m 


1 


3 


o 




a*—. % 




1 oo 


o— . 


1 O Cfc4 


OiCN 


n 


X 


1 07 


M 


un 


oooo> 


O^ 




1 070t- 


CNO 


1 % 




% 


3 


1 s 


M 


m 


Qvor^P^QO » 


OM 




1 S:3*^ 


^rn 


1 C 


ZO 


M 


07 


1 CJ 


<«a: 


% 


»ei;mrnm<^^ 


m*^ 




1 U ^ ^ 




1 E-»*«3:3Ct4 


O 03 




W 


1 H 


M 


00 


M % ^ tk|| 




M 


1 IHvDVO 




1 &3[j^a4 » 


M3 


3 


3 


1 03 


3 




D3-=3*^^^M 




O 


1 3^-^ 


^■nn 


1 CQ3 


cnoi 


CO 


hJ 


1 M 








^3 


Z 


1 3 




1 W15&-* 


3 % 


CJ 




1 


M 


w 


1 O 


r- 2B 


M 


1 MM 


M 


1 nJ>»3 % 




w 


«s; 


1 nJ 




H 


1 OQCJQ^ 


1 03 




1 M£h6h 


HQ 


1 -cccrairt: 


SO 


6H 


6H 


1 M 


M 


M 


1 ^ rt! ks: rt! 


M.< % 




1 MMM 


MC 


1 UJQ *^04 


MO 


33 


-a; 


1 <si 


3 


3 


1 MMMMO 


II 


o » 


1 -C33 


3M 


1 ce&4^ % 


OCN 


MS> 


Q 


1 U 


3 


3 


1 33330t<:3M 


CJO 


1 CJ33 


33 


1 t-cNm 

1 

1 


T-“ 






1 

1 






1 

1 

1 






1 

1 

1 




I 

1 

1 








1 

1 

1 






1 

1 




O 


1 

1 





U U U CJ UCJCJ uuu UUU UUU U u 



kLi 

M 



CJ 



70 



.NOT. (NORY.EQ.LRESP) ) GO TO 340 



ooooooooooooooooooooooooooooooooooooooooooooooo 
o ^ CN ^ tT) VO 00 a> o ^ <N no ^ LO vo 00 o o ^ CM rn ^ lo vo 00 o ^ CN ro ^ tn 00 o ^ rsi m ^ IT) VO 

^ cTii’ij’^^cr^^^uniomu^iDmcntntnLnvovovovov^vovovovovor^r^r^r^r^r^r^r^r^r^oooooocoaoGoao 














1 




Z 






Z 






23 












1 




M 






M 






H 












1 




<a: 






ox: 






•cC 












1 




CO 






CI3 






o 












1 




-a: 






<a: 






-a: 
















» 






5H 


















H 




03 






03 






03 








o 














£h 


















Q 
























no 








H 






H 






Eh 












U 




O 






O 






O 








O 




23 




z 






z: 






2 








t-» 




M 




























O 




Cu 






04 






Ci4 








O 




23 




H 


o 




M 


o 




M 


o 






C5 




U 




« ^ 






• » 


VO 




• m 


00 










03 




O 


O 




O 


o 




o 


o 










o 




• 


£h 




• 






• 








Oj 




^ A 










r-» 














CO 










O 






O 






o 






U4 




H5S 




V 


O 




A 


a 




V 


a 


C2S 




03 




0,02 




















CJ 




r-4 




S(J 




u 






04 






u 




0^ 




• 




oco 


,1^ 


04 


o 




X 


o 




Cl, 


o 


cc 


X 


a 




U3 03 


r- 


CO 


• 


r» 


CO 


• 


CN 


CO 


t 


.-3 


03 


W 




04»-) 






r— 












1— 


U 


O 


e 




U 


M 


UJ 


• 


H 


M 


f 


M 


W 


• 




23 


>• 




1 - 


u 


03 


W 


PU 


03 


OJ 


a 


03 


ClI 






03 




1 


Cu 


=) 




CO 


20 


C5^ ^ 


&4 


O 




o 




o 




1 o 


CO 


CO 


•o o 


CO 


CO 


•o o 


CO 


CO 


•o o 


C/^iT 


O 


23 




1 CO VO 




23 






23 


— j*n 00 




2 


WN O 




uo 






1 C ZT 




M 


^co ^ 


,0^ 


M 


^cn ^ 




M 


cNtn ^ 


u 




• 




1 u ^ 


♦ 




% % 


* 




^ % 


* 




% % 


HvO 


% 




W 


1 HWvO 


% 


O 


MVOO W WvO 


% 


O 


HVDO WWVD 


% 


o 


MVOO W WcO 


03 


tD 


o 


o 


1 cc:d^ 


cn 


H 




m 


H 


a,"-iooo^ 


cn 


£h 




Cl, 


w 


z 


2 


1 Cl.23 






Cl, Z25 






33 2S 






Cl4 22 


CU 




t 


M 


1 M&3 




be: 


enWOMMW 






COWOMMW 




ti3 


COWOMMW 


►J £h 


a 




H 


1 >-3eHH 


Q 


u 




Q 


u 


'-•IH £h H 


Q 


CJ 




►-3M 


-a: 




23 


1 ►-ISSM 


*«x: 




M Z25M 


-a: 


03 


M 2i25HH 


«a: 


W 


M 22M 


«C03 


M 




o 


1 -aJO» 


w 


a: 


u^oiOOOa 




32 


04 0300003 




X 


CMffiOOOQS 


u:x 


cs 


M 


u 


1 UU3 

1 

1 


03 


CJ 


M3:C)CJU3t 


03 


U 


m3c::ucj3s 


03 


u 


M3 c3UCj:s 








o 


1 

\ 

\ O 






oo 






oo 






OO 



U <J (JCNCJUCJ O') UUU :Ttr) u UUCJ vor- (J CJ^U QDCJV 



71 



ooooooooooooooooooooooooooooooooooooooooooooooo 
00 o ^ (N m ^ tn VO 00 o T— rn ^ m VO 00 o T— cN m zT tn VO 00 o T— fN m if m VO CO o CN rn 

00 00 00 0> 0> 0> <T^ <7> 0^ <T> O O O O O O O O O O ^ ^ ^ V- ^ ^ ^ ^ (N CN CN CN CN CN CN 0^4 rvj CN m m m m 

^ T- ^ ^ ^ ^ fN (N CN CN <N CM fN fN fN fN fV4 rvj CN (N rsj (N CN fN fN rvj fN rvl <N (N fN CN (N rg (N rsl fN rv4 (N 

^,^^tcc^ftx:»<ttc^ect<0€c^0>t0i:ttc*tccc>tcftc»<c0<>cc0s:cttci<t<*tt:0cctt::>cctix:tix:tts:t€ctis:t€cfa:^0tc0ec>^f^»cx:x^ 



tn 

2; 

o 





z 






Z 






Z 








Eh 








H 






M 






H 








M 








< 












<J 








CJ 








O 






O 






O 








z 








< 






-< 






c 








o 




























CJ 








X 






>• 






>4 
















03 






£ 






£ 








z 








&H 






E-i 






E-t 








M 




























> ^ 














Eh 






Eh 








M-a: 








o 






O 






O 








0£ 








z 






z 






z 








Oi 




























Hn-I 










o 




£ 


o 




£ 


o 






C*< 








M 


o 




M 


CN 




H 








% 










«— 












T* 














• •» 






• » 






• * 








tHH 








o 


o 




O 


o 




O 


o 






.<£ 








t 


EH 




• 






t 


&H 






£pa 








f» 






T— 














% 










O 






o 






o 






3M 


— 






A 


Cl) 




V 


o 




A 


CJ 






OCJ 


z 


























h-3£ 


£ 






04 






CJ 


A 




04 


A 






£cn 


CJ 


lo: 




£ 


o 




£ 


o 


A 


£ 


o 






% 


cn^: 


£ 


CN 


cn 


t 


m 


cn 


• 


rn 


cn 


f 






h-4 M 


£6H 


OLl 


w 






w 




f— 






T— 




>4 


£04 


££ 


£ 


M 




• 


M 


w 


• 


M 


04 


• 




£ 


0£ 


tjw 




Oi 


£ 


04 


U 


£ 


w 


04 


£ 


w 




Q 


04 tn 






£ 


£ 


co-^ ^ 


£ 


£ 




£ 


o 


o-^ 




W 






A 


cn 


CQ 


tO o 


cn 


cn 


•o o 


cn 


cn 


•o 


o 


3 


w 


o 


o 




Z 


o 




z 


.WN ^ 




z 


— m 


cr 




£hh4 


cntn 


^o 




M 


AJin in 




M 


rnm lo 




M 


rntn 


tn 




ctn 


£in 


Ul 


♦ 




^ 


•flr 




^ %o ^ 


* 




^ •o 


% 


♦ 


i-)£ 


u 






o 


MVOOCOCOvO 


% 


O 


HVO^WWVO 


% 


O 


MvO<^ w 


vO 


% 


££ 


£hvO 


o 


in 


E-i 


Q4''■^0^££^ 


in 


£h 




m 


&-• 


Ou^-v-3 




tn 


uo 






W 




£ ZZ 






£ ZZ 






£ Z 






££ 


£ 








cn wommw 






cn wommw 






cn WCM 


w 




< 


£ 


w 


Q 


a 




a 


U 


'^&-iEhGh^ 


Q 


CJ 


^-^EhGh 


E-i 


Q 


CJ£ 


£E-i 


Eh 


«: 


04 


M ZZM 


< 


OJ 


M ZZM 


C 


w 


M z 


H 


-i: 


1 £ 


nJM 


H 


UJ 


£ 


££00005 


OI 


£ 


££000£ 


04 


£ 


££00 


£ 


04 


1 c 


<£ 


£ 


£ 


U 


M300U3f 


£ 


u 


HiZOOCJZ 


£ 


CJ 


IHZOCJ 


3) 


£ 


1 CJ 

1 

1 


CJ3 


3 






OO 






OO 






o 






1 

1 
















CNjro 












1 







CJ ^CJ CJ^CJ u uuu uu uuu uu u 



72 



C3* in VO p** 00 ON o (N m -3^ in 00 a^ o ^ CN ^ in 00 o CN m m VO 00 o ^ CM ^ m VO r* 00 o> o 

on on m m m 00 ^ cy ^ cy ^ ^ cy ^ cy ^ in in in in in in in in in in vo vo VO VO VO VO VO VO VO vo r* p^ r^ p^ p^ p^ 00 00 



p^l fN (N P^ (N <N (N 04 P^ <N <N (N CN (N CN (N<N (N (N rs|(N<N P^i CN CN <N (N <N <N (N P^ CN CN pvj CN (N P^ CN P^J CN CN CN (N CN CN (N <NCN 



1 










a 




1 










z 




1 










<c 




1 

1 










w 




1 










Q 




1 










z 




r 














I 










M 




1 














1 










-3 




1 














1 

I 










W 




1 










Z 




1 










=5 




1 










CO 




1 










c/4 t 




1 










Wi- 




1 










os 




1 










Q4M 




1 










z 




1 










WM 




«< 










SCO 




6h 










•<Z 




c 










COM 




U) 








C 














Z 


POOS 




Ct3 






r-C4P0 


04 


xo 


o 


S 










HPu 


VO 


M 






HM-1M 


< 




T“ 


CO 






UCJU 


% 


WQ 




3 


O 




Cl4 CuCli 


•< 


cow 


o 


M 


r* 




CO COCO 




xco 






lO 




% % % 








H 


% 






04 


cn 


o 


Z 


CD 




^fNm 


% 


WUJ 


CO 


M 








>• 


Z (/i 




ca 






MMM 


OS 


MO 


A 


cu 


W 




a>Oia4 


a 


CO 32 


A 


1 


Eh 




zzn: 


w 


ZH 


t— ’ 


1 


M 




J/JCOCO 


3 


w 


0 


1 


(X 








CO 


o 


1 CO 


3 








H-s: 


w 


1 z 




O 


ooo 


o 


z 


0 


1 M 




00 


o^o»- 


PsJ 


w w 


n 


1 o 


r* 


in 


in VO VO 


VO 


Xffi 




1 c 


0 


% 


^ ^ 


% 


ora 


i 


1 « 


£H 


00 


00 CO 00 


00 


WEH 


£H 


1 z 


CO 








co-< 


O 


1 


0 








XOS 


Z 


1 ^ 


n 


w 






cow 


0 


1 EH 


w 




HGhH 




Oi 




1 M 




M 


MMM 


M 


OSS 




1 Z 


pui 


cr: 


02psca 


OS 


OW 


w 


1 3 


M 


3 


33CZ 


3 


WH 


M 



CJUCJUCJ U U U UCJCJCJCJ CJUCJ cj 



1 














£H 




1 














Z 




1 














w 




1 














s 




1 














w 




1 














z 




1 














u 




1 














z 




1 

1 














H 




1 

1 














Z 




1 














z 




1 














CO 




1 

1 














o 




1 














z 




1 














w 




1 














Nl 




1 

1 














a 




1 














z 




I 














< 




1 


















1 














% 


X 


1 


o 












o 


M 


1 














M 


z 


1 


rn 












EH 


t>q 


1 














•< 


% 


1 


o 












Z 


c 


CO 


M 
















z 














z 


w 


o 


O 












s 


X 


M 


CO 












w 


EH 


H 














Eh 


CO 


H 














% 


% 


Q 














O 


^ •< 


Z 


04 












H 




o 


CO 












E^ 


.4-J 


u 


IXJ 


z 










< 


M<<W 




z 


z 










Z 


WEhO 


w 


M 


u 












MU ^ 


U4 


0 


CO 










w 


<zc*< 


PS 


>*o 


z 










z 


HfcHZ 


M 


zw 


w 










z 


WCOU4 


CO 


o • 


u 




H 






CO 


*0-4 


W 


z>* 


- 




W 






CO 






z 


w 




•< 






w 




o 






o 


04 


o 


£h 


z 




EHf^ 


ox 


CO 


in 




VO 




Oi 


OOE-' 


XvO 




s 


VO 




VO 






MMM 


U4 


vO • 


CJ 


% 


Si* 


% 


♦ 


\u 


MtH<5 


ZvO 




eh 


Wvo 


% 


VO 


% 


WEH 


<-i;m 


M^ 


ino 


z 




LO 




in 


Z»«S 


zzx 


1 




w 


z 






w 


zw 


ZEhC^ 


1 w 


0 




MW 




w 




MX 




1 H 




w 


H£h 


o 


EH 


X 


EhU 


MMM 


1 M 


•< 


w 


ZM 


-c 


H 


c 


zw 


MMM 


1 z 


ww 




oz 


w 


z 


w 


oc 


Ci<i< 


1 z 

r 

1 


ZM 


CJ 


CJZ 


z 


3 


z 


uu 


CJCJCJ 


1 

1 

1 






o 








o 




t 






in 








vO 





U CJ VJ u U^CJU VJ u 



73 



WRITE (6 ,670) EAFT,T,ZHIX 



ooooooooooooooooooooooooooooooooooooooooooooo 
<N rn ^ tn vD r** 00 o ^ CN ^ tn vD 00 o v-cN m LD VO CO o ^ tN m tn VO CD o T— rvj m : 3 ’ IT 'X) 

CO 00 00 CO 00 00 GO CO 0^ cr» O O O O O O O O O O ^ ^ ^ T- ^ r- r- ^ f- CN CN CN CN CN CN 

Gvj (N CN cNC^i CN rvj CN Gvj (NCN cvj <N CN <N <N Gvj rn on ro rn rn rn rn rnrn rn rn rn rn rn GO rn rn rn rn rn ro rn rn GO 



« * •«• 



1 






















1 








1 z 














1 








1 CD 








Z 






1 








1 M 








oz 






1 








1 CD 








HO 






1 








1 »-3» 


04 






EhW 






1 








1 <co 


z 






z 






1 








1 z 


CD 






<z 






1 








1 MW 








CJW 






1 








1 wx 


z 






CD 






CU 








1 H 


o 






<z 






a: 








1 W 


M 












cn 








1 ZH 


o 






EHW 






cu 








1 H< 


z 






ZZ 














1 








MH 






w 








1 ShcD 


EH 






Z 














I << 


CD 






ZX 














1 


< 






z 














1 


M 






• • 






ED 








1 M 








CDQ 






u 








1 ZW 


EH 




EH 


ZW 














1 oz 


< 




M 


OM 






-a; 








1 






< 


M W 






U 








1 WCD 


n 




W 


EhM 














1 Q< 






3 


<U 






Q 








1 < 


w 




% 


MW 






Z 








1 Sr- 


z 




X 


ZZ 






-< 








1 


M 




z 


UCD 














1 WW t 


U 


H 


z 


M 






CD 








CQZCD 


z 


M 


z 


<CD 






W 








W MZ 


w 


< 


CD 








z 








HMCDO 




W 


z 








M 








<WZH 


z 


2 


% 


QW 






CD 








03MWH 


O 


% 


X 


WZ 






z 








Z M 


W 


U4 


M 


z< 






w 








Z Q3M 




z 


z 


MCD 














0CD05S 


Wr- 


CD 


CS3 


Z 






Ct4 




04 




^ZWO 


Eh 


Z 


% 


ow 






o 




3= 




Cx^O U 


<w 




z 


wz 


O 








CD 




CDQ 


zz 


z 


z 


ZEh 


o a^ 




03 




04 




h-JHWCD 


H 


% 


CD 




z »- 












WD3q5Z 


ZCD 


< 


z 


ZEh 


r— 




CO 




z 




0< WM 


02 


EH 


% 


WO t 


c 




s ^ 




% 




WMHH 


MM 


M 


bH 


3ZCD 


O H 








< 




sz<o 


W 


Z 


% 


o s 


£H 




z z 








WCJ W05O 


Z 


% 


Z 


ZCDO 


O 




z 




U4 




MU WCN 


MCO 


X 


% 


MM 


U CD 




03 CJ 




UUI04 




< QOi 


WM 


z 


M 


Z H 


CD 




oco 




<r 




MWWOO 


Z 


z 


w 


OC5< 


A 








XCD 






ZQ 


z 


< 


W WM 


EH ^ O 




u 




M04 




CJMMW 


M 


CD 


z 


ZZ 


• 




H- 




z 




MCDZi-40 


ZZ 


z 




MEHU 


< Eh • 








C<3^ 




<a;ZOMCD 


HW 






MM 


Z P r- . — _ — 




C O 


>-y 


''-O 




uw WW 


<H 


oo 


QW< 


1 W .OO EhOO 




OCDOO 




0^ 






MZ 


£Hon:3* 


2 U 


<EHEHtnun MvOvO 




QSSvO 




04 VO 




1 H »r- 


ZW 


Mr-r^ 


< W 


z^Mr^r^ #r-p- 




tUCJ 


♦ 


z 




1 ZQ4M • 


u 


< 


% % 


M3 


'•"'XD • » ^ r" % ^ 


o 


E-<vO 


% 


CD VO 


w 


1 wz o 


MQ 




o 


CDZWvOCOWWvOCOW 


w 


1 03'-^ 


tn 




z 


1 ZCDZW 


<W 


M 




Z W M 


z.Bt: pui — w '■‘--T-j 


CNZ 


1 Cu 




{S3 


z 


1 o» o • 


CJZ 


W 




CDW 


< fl M 2M Z 


z 


1 » 




W 


H 


1 wzHn 


M 




ww 


i^< 


II^QWWMQWWM 


OM 


1 


Q 




H 


1 CDOCD^ 


WZ 


M 


EHgH 


CJCDM 


W W EH EH — ^ M H 


EhM 


1 hJM 


<C 




z 


1 ZHCD 


CDO 


M 


MM 


WCDW 


WZ MMZ MMZ 


2 


I <03 


w 


<05 


O 


1 ZOMl*^ 


MW 


< 


ZZ 


ZU4Z 


MMWZZOWZZO 


OO 


1 U3 


05 


U3 


CJ 


1 CD«SM 


WZ 


U 


3 0C 


uzw 


QQM33CJM33CJ 


CDU 


1 

1 








! ♦ ^ 














1 








1 ♦ ♦ 














1 






o 


1 










o o 


O 


1 








1 










00 CT' 


O 


)U ' 




U 




UUUUUU ' 


c 

c 

c 


U 


c 

c 

c 

c 


u ^ ^ 


U CNUU 



74 



CPTICNS FOB CALCULATION OF FUEL FLOW RATE A32 



oooooooooooooooooooooooooooooooooooooooooooooo 

r* 00 o ^ m ^ to VO CO o> o ^ <N ro cr tn CO o> o ^ <N ro ^ lo ' sO CO o ^ CM m if in <sO GO o ^ <N 

CN nj ro rn ro fT) no rn rn rn cn rn 5T :3* ^3- :3- ^3- cy O' sr in in in in in in in in in in VO VO VO VO VO VO VO VO VO r* r- 

no ro no CO no cn no no nn ro rn rn po nn po ro no no on no nn ro no pn no rn no no cn nn rn po no rn rn rn 



e-«o 

MO 

Qsr^ 

3 % 

VO 



H 

£h 



OO 

cri- 

<^)CN 

OO 

HE-i ^ 

OO -► 
00-M2SP3 
: o>5» 



X 

s 

Ul 

30 

OD 3 

CN 



M 

OS 

3 



30 

VD*C^ «»04CNWvO 
inww"‘nn II cNo^-^o 
^ f • -MX s — oz; 

SSW SOMW M 
Q O cu EH ?H H Q EH 

-aj M-CX ZM*-t:5S 
MMCuffiWCOOOQGWO 
C3M M3 0505 O <J 305 U 



I EH 
I 

I C 
I O 
I 
I 
I 

I t-3 
I M 
I C 
I U 
I 
I 
I 
I 



cn 

S3 

U 

EH 

05 

Pui 

hJ 

M 

< 

O 



-»* * 

* ««• * 

3 

005 

HO 

£nCm 

O 

CQ5 

uw 

CO 

C3 

EHpq 

3X 

mh 

05 

Ol>4 

CQ 

cno 



1 




1 


EhE-» 


3 W 






1 




1 


MM 


OM 






1 




1 


CC 


mm 






1 




1 


MM 


EhM 






1 




1 


33 


-ccj 










1 


% « 


MM 






u 




1 


XX 


3 M 






Eh-^ 




1 


33 


ocn 












MM 


M 






3 i -3 




c 


33 


ccn 






x: 




EH 


cncn 








3 Cu 




c 


33 








03 




Q 


% % 


QW 






M ^ 






XX 


M 3 






M 04 




3 


MM 


3 a: 






3 




CJ 


33 


Mcn 






Mcn 




M 


^ 3^5 


3 






05 0 > 






% % 


OM 






3 » 






MM 


M 3 




o 


M 3 




M 


33 


3 EH 


O 


cr 


% 




W 


cT)cn 




nn 


CN 


wc 




3 


MM 


05 EH 


CN 




Eh Eh 




M 


% ^ 


MO t 




o 


CM 


m 




EH EH 


33 C 0 


Q 


EH 


M 03 


3 


H 


% % 


O Z 


£h 




3 ^ 


3 


3 


33 


Mcno 




O 




U 


M 


% % 


MM 


CJ 


CO 


M 3 


Ul 


05 


MM 


3 M 






C(Jn 


3 


CU 


MM 


O 05 C— ^ 






U 3 


M 




CC 


MMMEh 




o 


in 


U 


1 


MM 


33 M.MO 


• 


1 05 


m 


1 




meh(jx:h 


• 


r» 


1 




1 




MMM I 




• , 


1 




1 oooo 


OMC 1 M 


^ 

• OO 


CH< 




3 cjcHEHinm 



CN 



O 

CN 

CNUUU U UUCJ 



I upapjo) 
I EhEhEhEh 
I mmmm 

I Q5P533 
I 3333 
I 
I 
I 
I 
I 



< ocncacMvoco 

aiWiJcQ<Cfc,-~ 
Cn&4C II M 

l|i-Qpq&3 

iqco wcq04 
XPJOMHUM053 
Os:hqom33 

^ ^ 



MvOVO 

•r^r- 

PO OiVO^ ^ 
3M 3 

mowwm 

3 MM3 
OH05 05O 
(JM33CJ 



UUUUW 



CN 



O 

CN VJ 



UU 



75 



WRITE (6 ,770) 



ooooooooooooooooooooooooooooooooooooooooooooooo 

r** GO 00 CO 00 00 CO 00 00 00 CO o> o> <T» (j^ CT> < 7 > cr> o o o o o o o o o o ^ ^ ^ ^ r- ^ r- ^ r- 

rn cnmrnGOi^rnrnrnrnroGnrornrnrnrnrnnnrnrnrnGnrnrnro^^ ^^:3'53’:3'i3' sr 



1 


















w 




1 
















1 


















hO 




1 
















1 


















H 




1 
















1 






















1 


































o 




1 
















cn 


















03 




1 
















z 


















Oi 




1 
















o 






















1 
















M 


















z 




1 
















H 


















o 




1 
















C 


















H 




1 
















hJ 


















cn 




1 
















IS 


















cn 




1 
















CJ 


















H 




1 


































Z 




1 
















-a: 






















1 
















u 


















z 




1 


































CD 




pa 


































M 










1 










o 


















cn 




M 






1 




























CO 




On 






1 










Ii4 


















Q 




O 






1 
































z 
















>-3 


















W 




cu 






>4 










W 


















z 










H 










S3 


















£h 




z 






M 










Pu 






















o 






U 




























PM 




M 






O 










1-3 


















cn 




cn 




















o 








o 






z 




cn 




O 


pq 










z 




U-) 








\o 










M 






> 










O 




CN 








CN 










z 




CN 












M 


















cn 










pa 










b-^ 




o 








O 






z 




z 




O 


(/) 










M 




H 








bH 






CJ 




o 




tH 


M 










Q 






O 








o 




cn 




Cm 




O 


Z 










Q 




O 








O 


cr 




M 


o 






:rO 


03 










C 




o 


m 






C!3 


m 




Z 


GO 


£H 




mcD 


CJ 


























«< 


CN 


Z 
















o 






o 








O 




Oi 




CD 






Q 










z 






E-» 








H 




Z 


o 


M 




£h^ 


z 










M 




cu 








cu 






o 




cq 




cu 


-cC 










O 




cn 


O 






cn 


O 




u 




3 




ocn 












Ui 




UM 


CO 






M 


CO 






u 






CDW 


M 














03 








03 






pa 


CD 


V-] 




Z 


CD 










QCt 












I-) 


A 




z 










Z 










U 




• 


r* 






t 






M 


.k 


Z 




T— f 












I&i 


>• 


o* 


04 




>• 


Oi 


04 




CD 




04 


5H 


040 


03 












03 


w 


cn 




03 


w 


cn 




z 


T— 




ffi 


cnw 










cn 


cn 


CJ 


f 


U4 




o 


t 






pa 


1 


w 


o 


w • 


Z 




M 




z 


z 


z 


5M 


03 




z 


>• 


Z 






o 


Eh 


z 


z>> 


o 




CD 




z 


o 




03 


^-0 


_— 




03 


hO 




H 


pa 


icC^ 




hOo: 


&4 


A 


z 


A 


u 


M 




o 


f 


o 




o 


t 




z 


1 


hJO 




tO 




o 


z 


o 


5> 


E-» 


o 


Z 


<y 


cn 


o 


Z 


o 




w 


n 


z^ 


o 


oz 


Eh 


m 








ou 


00 




u 




o 




w 




z 




UGO 


CN 




04 


<JD 




z 




a 


r- 


•o 


t 


% 


CO 


•o 


t 




CS* 


f 




03 


# # 


z 


% 


♦ 


% 


♦ 




% 


Hu-jWSm 


vO 


% 


Enr-WX 


w 


pa 


Eh 


Cvo 


% 


><EH 


o 




% 




% 


w 


U-) 


Or-305 




\S) 




=3ffi 


z 


cn 


O 


cj'-' 


LO 


030 


z 




un 




un 


£h 




Z 


ZO 




W 


z 


zO 


z 


z 


z 


1 




oz 


04 






w 




M 




• OMZ 


CX4 




tQMZ 


H 


cn 


t 


1 pa 




z • 




pa 






03 


tS 




E-* 


o 




£-• 






1 Eh 


o 




1 


Eh 


o 


Eh 


o 


3 


»< 




z 


M 






z 


z 


03 




1 M 






1 


M 


fo: 


M 


<c 




w 




03 


UJ 




O 


O 


(£4 


1 


pa 


iU\X4 


1 


Z 


M 


Z 


U4 


1 

1 


03 


MCSCJM 


3 


a: 


MOCJM 


U 


U4 


M 


1 3 

1 

1 


03 


MM 


1 


3 


Z 


3 


z 


1 

1 

1 






o 








o 


o 






1 

1 
















1 






un 










r- 






1 

















UU U CN U U U CN UCNUUCJU UCJCJ UU U UUUUUU U U U 



76 



ooooooooooooooooooooooooooooooooooooooooooooooo 
o ^ <0 00 c^o m CO ( 7 s o ^ CN rn r^ooo^ o ^ cDvo GO <T»o ^ (N rn ^ ID sO 

CN cN Csj CN CN CN CN rvj CN ro ro on rn on rn rn rn ^ ^ ^ ^ ^ ^ ^ ^ un tn un uo in cO uo uo uO in vD vO vo vO vD 



I 

I 

I 

uuu 







1 1 1 
1 1 1 
1 1 1 
1 1 1 
i 1 1 
1 1 1 


1 

1 

1 

1 

1 


1 

1 

1 

1 

1 

1 


1 

1 

1 

1 

1 

1 


1 

I 

1 

1 

1 

1 




1 

1 

1 






1 




1 1 1 


z" 


1 


1 


1 




1 






1 




1 1 1 


w 


1 


1 


1 




1 






1 




1 1 1 




1 


1 


1 




1 






1 




1 1 1 


o 


1 


1 


1 




1 










i 1 


z 


1 


1 


1 




1 






w 




1 1 in 


P4 


1 


1 


1 




1 






u 




1 t z 


tr) 


1 


1 


1 




1 






z 




1 1 O 


z 


1 


1 






1 






c 




1 1 H 


o 


1 


1 


1 




1 






cc 




1 1 S-* 


z 


1 


1 


1 




1 






ZD 




1 1 <C 




1 


1 


1 




1 






a 




1 1 ^ 




1 


1 


1 




1 






z 




i z 


z 


1 


1 


1 




1 






co^ 




1 EhO 




1 


1 


1 




1 






a 




1 Zh4 


z 


1 


1 


1 




1 






xz 




i C4«c 


tn 


1 


1 


1 




1 QO 






-cw 




1 so 




1 


I 


1 




1 ZZ 






s> 




1 z 


s 


1 


1 


EH 




1 ww 






1 ^ 




1 zo 


o 


1 


1 Eh 


z 




1 CuCu 






>Q 




h40W 




1 


1 3B 


o 


z 


1 ^ 






Z 




zzz 


z 


1 


i Z 


M 


w 


1 QQ 






w 




ZMM 


<*a: 


1 


1 Cz3 


W 


z 


1 ZZ 






ZOi 




Z z 


z 


1 


1 Z 


3 


z 


1 ww 






o •- 




«o 


z 


1 


1 z 






1 >> 






CmO 




QWW X 




1 


1 ^ 


w 


Q 


<c % ^ 






z 




Z3Z M 




1 


1 o 


z 


z 


HOO 






Oi:z 




-<o z 


z 


1 


1 z 


M 


-a: 


-a: 05 03 






ZOi 




ZZ JS3 


w 


1 EhZO 


1 2C 


o 




QZZ* 


no 




cn ** 




EUZPU % 




1 wzz 


1 % 


z 


w 


OiOi 


— — 




zx 




ZtT)3 <C 


o 


1 UJZSZX 


1 cu 


z 


z 


w 


MM 




c 




MZO Eh 


z 


1 % 


1 z 




M 


ztnin 


OO 




CJZ 




zoz W 




1 ^zzz 


1 ^ 


Q 


o 


MZZ 


HH 




z> 




zz z 


tnz 


1 zzz 


1 


W 


z 


wwo: 


3CS 




<cC ^ 




W Z en 


zz 


1 zcntn 


Eh-C 


z 


WH 


OOO 


% % 




in 




OO c/^ 


otn 


inzz 


32Z 


z 


3 


-03t>> 


nn 




W3 




Z Z Z « 


zz 


inz % % 


^3K 


«: 


f^z 


cu % ^ 


% 




OQ5 




o W -c 


% 


w zz 


M » 


H 


ow 


WW 


HH 




Z CJ 




S3Q 


xz 


Eh % % 


Win 


in 


z 


ZOO 


33 




o 




H Z^^i-4 


Eh % 


-aC<< 


3Z 


z ^ 


HW 


Os:z 


ZZ 




z «« 




z cnicc&H w 


!-»,< 


Z^-^tH 


Z 


MM 


Z ^ 


MU3 03 


w w 








OWZEhZQ 


UEh 


CNP4W 


zo 


W 


OM 


in % % 


ZZ 




Ql^ 




h-4fcH h4Z » 




3C^ZZ 


w=> 


ooe 


MW 


inzz 


zz 




z;> 




u4rt:cnz6H-a: 


zz 


OM % % 


ZD ^ 


z % 


Z3 


MHtH 


% % 




z % 




zt-ozoinz 


W % 


ZZUQ 


zw 


EhX 




s % % 


MM 




z 




zo * ^ 


>x 


zzzz 


o 


*a:z 




-a;«< 


w w 




xs: 




mom«3:z«-4 


M 


cn3z 


zz 


SQ 


ZZ 


H W&4 


33 




«< z 




-a;,J6HZeH-a: 


oz 


Z-A- ZZ 


-cz 


MW 


-a: — 


z 










EH M 


ZC4 


Z — 


Eh-- 


EH3C 


HH 


hH 


— .— . 




1 




OOQ 


W'-' 


zz 


O 


in^ 


O-a: 


0300 


OO 




>Q 




Eh ZOOEh 


tS3 


Z^^Eh 


Eh CO 


w 


HO 


cumin 


v£)vO 




Z 




1 QMM,-4 


Z 


EhZZ 


3 




Z 


1 coco 


COCO 




UJZ 




Z 1 OfcHtH-a: 


ZZ 


ixjicG«::«4: 


ZZ 


WSC 


zz 


1 ^ ^ 


% % 




&HX 


Z 


Eh I ^leCM 


&Hin 


£-•000 


EhW 


HO 


H II 


1 vOCD 


vr>C0 


W 


-C-a: 


z 


«< 1 EhZZZ 


-*:> 


«<zzz 


-a:z 


-a;z 




1 — 




Z 


^s: 


z 


h4 1 «cZEhc^ 


•-4CS1 


z z 


zz 


zw 


Zf-3 


1 




z 


z 


M 


Z 1 


z 


ZD^ 


z 


z 


Z^ 


1 WW 


w w 


M 


0-4 


E-* 


o 1 


oz 


O il zz 


oz 


oz 


OH 


1 HH 


HH 


H 


h4i-> 


z 


1-4 1 iJ 


zz 


,J»cCh4Z 


zz 


zz 


ZO 


1 MM 


mm 


z 


-cC-aC 


O 


«x: 1 


<C *J! 


cuH«c«<d 


rt:<c 


!<<< 


-CH 


1 03Z 


03 03 


O 


OO 


o 


o 1 lUOO 


OO 


02KOO 


OO 


OO 


o:::* 


1 


33 


O 



I 

I ) 

I r 

O I I 

00 I I 

ur^UUUUU 



UUU UUU 



I 
I 

UU^ UUU U<sJU uuu 



o 

(J^ 

UrsiCJ 



77 



OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

CO <J^ o ^ rvj no ^ tn vo 00 cTt o r- CM ro ^ tn vo 00 a> o <N ro cr m VO GO o o ^ CN m VO 00 CT' o ^ rsi ^ 

vo vo vo o j> CO CO 00 00 00 00 CO 00 00 CO o> cr> o> o> cr^ <j» o> o^ <Ti c 7 > o o o o o o o o o o ^ ^ r- 

^ : 3 * ^ ^ ^ : 3 * : 3 * ^ ^ ^ ^ cr ^ ^ ^ cr iT ^ ^ ^ ^ it ^ ^ ^ : 3 * ^ ^ ^ iT) UO lD iD UO UO UO iD uo m iT) m tn m m 



00 



uu 



u 



o 

o 

uu^ ^ 



• o ti «o 



o 

M 

Eh 

M 

z: 

M 

Eh 

cu 

o 



e-* w ^ 3 * sc oi fti 

•rncc 

QCJ l03Cx^ 
*«a:r: «kOiH 
Hosrt: xs 

x*«3:csccixnr) 
COSScDW^Tk^ 
MCJOHiT) ^ 

oq QS cu ^ 

^WCUOX^ 

u u^v 

h 42 SWM\ % 
W*^XhJ ^ 
xx&Hpq 
CL4cn xwcn 

O • 

QCl< WXMQ 

zcssscmp^ 

to 

CUCD ^05 



w 










1 






z 




3 Z\&H &1 


2 




















O X X wa: CO 


M 










z 










U 32 MOX 


CT 










o 






3 




QL 4 MXX 


X 










M 


O 




o 




CD’^-SIZX 


ClI 










Eh 






M 




MZCNZM 2 S 












CJ 


m 




X 




XX M --1 EH^ 


(X 






Eh 




X 








m 


X \SQ • 


cq 






«o: 




X 


O 




X 


H 


XX MHXZX 


X 






Q 




X 


H 




X 


% 


OEHMaOQ 


Eh 










CO 






X 


in 


CO xxo 


O 




o 


cq 






O 




X 


M 


XCO*a:XMCDS 


2 




o 


z 




X 


CD 






% 


EhWXXXX 






rn 


M 




z 






X 


rvj 


XXCO MX 








CD 




M 






z 


t 


Xh 40 ® 


>H 




o 


z 




CD 






M 


x^ 


S-CX ZM 


X 




H 


(X 4 




Z 






CD 


xun 


CJP^XX-CXO 


Eh 








o 


X 


r- 




z 


MH 


U XC XE-i 






O 


3 




o 


r 




X 


(N ^ 


EEhCjhQX 


O 




CD 


X 


n-> 


xm 


M 






•cn 


^^cr> X X 


Eh 






z 




xrn 






* 


X t 


r-cmQ-CHXX 










o 


X 


H 




* 


XX 


#02 ^xeh^X'o: 


Z 






&H 


6 h 


MO 


O 




* 


MX 


CD \eh <c m 


o 




cu 


X 




EhM 


Eh 




* 


^ % 


XO •‘CJOXMX 


M 




CO 


X 


O 


04 


3 




-fr 




oxg-»x cjxx 


EH 




uu 


z 


CD 


OO 


t 




«»• 


X • 


*— U 4 XMQMXCD 


04 




X 


M 




CD 


H 






XX 


% 04 XX'«;sm 


CJ 




>-4 






X 


M 




* 




OCOZXXU H 






• 


U 




z^ 


• 




-fr 


CN % 


#MM H X*«c 


w 


>H 


o» 


Eh 


CU 






XX 


•fr 


t<N 


rs-x CX> 4 wJX 


> 


X 


w 




X 


X'- 


H 


XX 


•» 


cn • 


X M X OM M X 


Hh 


u 


• 


W 


X 


X • 




z» 




<nxxxxxu 


C? 


z 


>< 


> 


X 


WEH 


EH 




X \ ^ 


mCNXOXX M 






X 


o 


X 


EhCD^ 


O-^ 


. — 


x\rsi % 


Minxx O-a:-^ 


1 o 




o 


X 


• 


X 


XEhm 


oo 


.00 


^ % XMEhCJ 


1 


o 


z 


••a: 


o 




% 3 ^ 


a^o^ 




o xJCDcox><t: 


1 X 


X 






X 




CN'-^ 


XX 




^x^xldxcjsxqm 






X 


% 


Eh 


X 


OXM 


1 Eh&h mEhM XX 


xco 


X 


X 




0^ ano CD 




m 


O 


X 


rvjxx 


1 0:3 0 ^ =5=3 




X 


X 


-» 


XCO MM 






z 


6 h 


ZO 


1 3 II OZ II 3Z 




z 


z 


Eh* 


g-4eHMEH£H MCOZXX 


X 






X 


OMZ 


1 •Enr-CN #eHMMM 


XX 


M 


M 


-a:* 


<j-**a:rt:»a:-sJXXXCDEH3 


Eh 


o 




X 


MEh'^ 


1 W3S II now® II EhEh 


Eh Eh 


Eh 


Eh 


XS* 


s z z ac sr-<Nco M 


M 


<i; 


n 




z 


1 zz zzzz 


mm 


z 


Z 


OX* 


oaxxxx^mxco #x 


X 


X 


X II 




OCX 


1 XMXOXMXOO 


XX 


0 


0 


MO* 


OOOOO ^ MSXXX 


3 


X 


MO 




CDCJM 


1 mezghcsucj 


33 


CJ 


CJ 


COX* 


XXXXX'^XCNQMX 



^rvim^LOvo 



uuu 



oo 

r-<N 

rnmcj 



o o 

rn : 3 - 

umcjnocj 



o 

in 

m 



ooooo 

'or-xo^o 

nm(^nn^ 



78 



oooooooooooooooooooooooooooooooooooooooooooooo 
lo VO CO o ^ CN rn lo VO r** CD o ^ CN m ^ LO vD CO a> o ^ CM m LO VO CO o> o ^ CN un VC CO cT> o 
^ ^ ^ ^ ^ (N CN (N cvj csi (N CN CN rsi (N rn rn rn cn on nn ^ cr :3- cr c* cT ^ iT CO lT) LO lo LO in LO LO in vo 
n n n n in in n in n un n un n in n tn in n n n 0 ^ n in n n n n n to in in in in in in in in in in in in LO un 



:t:d fO ^oxcmn e-« 

onoueHCNWPu % ow*ccmo <o 
% 2 :&:hXQ 2 0 X 2 <ND 3 MM Z 
XM-a;f- C^o % O J M 
CN XCNCm^XMXSWM ok 

\ocn %oo ^e-KN= 3 Q 3 =: o 

h:z X M^jcxszcuo— ^ 

.. MQCN W6hW*-4 mhWSh^ «M 
cn tnz\»- 03 »- 42 s:o %i^:o 
%iJMfr 4 UWMSOXCnCLi 

z .cr: hJ^zo niM 

w CO z cn > o -a: Us\ow 

ZCJOC 5 ^<:u ww-s: % x 
OMMZQcgH »- 5 ZGSa:ocs:&-ixo 
WM&hMWOO C 5 i- 5 W ^Z 

cn^OigHM gH^gH zofr 4 cncui\M 
MSgnCti • ZOZWosMrOO ^ 
^4 cttzwMrnwingHgHEDuW ttz 
cwcmncjzzon Mg-»zoDWw o 
zgHZ wingH o^&hZZzu 

000050400 XX cnCN I g-<oo 

MCUWcn ^CslgHWM % MO 

gH X Z XZ\ Z xWxXgHg-t 
< ^MHUOn^OWO 
gHXW 04 \ .ZOXXM 6 hOX 
300 X 6-1 *^WCZCO\£^XZW 
Oi Mine tX »-5 XM ^ exxx 
SX «- XOMgH w «ox WW 

omo ^XHMXWZXgHCD H gH 

O cS'HXgHZWO ox W OXZZ 

^CN e o z X w M 6 h gH Q X c e w 
XZMVXM xw zxzxxx 
300 ^ WQ Z teoc ooz 

Ohjwwzcnwz cn »-30 wooo 

MMXXOXMOOXXMi-JXXXZ 
cnxMOH-)MMZxMeH(^^x 
COM XMXecOMMWMZ OJ 

<jWh 4 &h g-»cn»JozxMxwwon 

x 3 cn HagHcnwezo zxx 3 % 

MCngHWXZSg-iWXWX gHZX 
S X-O-ajM cn XXWQ M«- 
CWCO Mz ZZW( 7 igHgHWgHgH\ 

xzinw enwoMX^ mxz\ 
OM *MX ZMXon %zweoQ ^ 

o oxxxxMxminxMxwxOgH 
OS zrsi^ 3 -xxoon »«cn mxo m 
XW\^ ^Cr»fN OXW 0 X 0 3 
% %M^rn % M %CO<J OHO 
XMMXX « wnMMOXMCOX 
xo^eHOOWz X Mxen *t 
gH MM GHXQMOeXX HWO 
XZOMMOW OH OXXXCOX 

croxeox ez xMXO^xr^ 
:3.mW> Q WX^XOOMinO ^ 
^g-i fCZXWX 3 i-O^X^X 

xex oingHOQ MCNgHZ'^-cnt- 

inMoxM %ecuwxpu %o xw\ 

\X WgHXX HOX XX^X 
'-^cnzecNMHexMS o'^-^o 



Xf^ 


f- ^ XM 




1 


X 


^ X 


XX x« 




1 


4— 


\ 


%xex H 




1 


% 


% 


HH3^^ 




1 


X 


cno 


M eo<^0 




1 


CN 


WH 


XZQX^-M 




1 


X 


>4 


3M X 




1 


X 


o 


X HW Z 


X 


1 




t • 


03cn 


\ 


1 


3 


5mX 


XZXmX>* 


—o 


1 


• 


xo 


XMZ3f-X 


X . 


1 


VO 


vO 


HHmx^q 




1 


X 



e o ^ 
cnxo X w 
wwwo^z^ 

g-iXXZ\MH 
eOMe ^M 
M 3 % ZX 
3 WO»tMgHWO» 
OZWXW 
M M X -a: W ^O 
eOXHX^H 
OzmM ' 
WCNMZ <y 
S %MM 
egHXz X 
Xtm«- %XXO 
oexxQcn 

ox\exonw 
xen %zgH »o 
XO ••XMXX 
XgHO H»"M 
WXXZbJXH 
33 e 
HHOgn O 
oew f o 

Meo XMX 

o V003 ^ 

XorjCutntOCN 

HO entnw ^ 

ZMZ XM 
X OXXXO 
zcnxzxOH 
oowe X 
XMX QQX 
C/ 3 H I XX 
CO I xxzx 

COM COMMX 
MXX CQ M 
ZXX^MjqXZ 
gHgnW^QXX 
30X"— ' 3X 

xex 

^xen (Net- 

%eo 

^^oxx 
f-x oin 
•zxin 



o 

• z 

OO X 

z gH 

MMooooe 
gHgnZSZ3XX 
gHgHMMMMgnX 
XXgHgHgHgH gH 



e 

H 

e 

Q 



e 

H 

X 

X 

X 

VO 



cncnHHHHcne cm 

xxxxcnw CN 

xxcncococnxx % 

XX iMO ^ 

ZZXXXX M 

OOWXXXXX ^ % 

xxzzzzxx^ 

OOOO H \ w 

xxxxxxaxx \ z 

XX Xh50 X M 

ecH4,JXX33M X o 

gHgneecnenoo w cn z 

MMESMMXXZ X 

MXXX33COCn X 
MMOOXX 
XXZZ(JOOt^X\ % 
x^Oin^ 
Qsosxxosxcocn • « 
OOOOOO XXO 
X X X X X X ^ ^Z X *** 
zz M MX 
OXOCUCJXMMO 
xxxxxxeez 
cncnc/)cncncnoox II ii 
ee 

xxxxqsx xee 

XXXMXX>h> 4XMX 
gnHHHHHXXgnXX 
ZZZZZZ£hH2^XM 

xxxxxxxxx e 

xxxxxxcor-::; x 

vD vo ^ ^ ra* on on X X 
mononononon % wno ^ 

% % ^ <XX 

XX— ^ CNOVJ^ *<N^ 

xr-f-n:xxxxx wxx \x 




• • f cn 

COCOCOCQ 

XX XM 

% ^ ^ 

xxxx 

0003 



3gH %XX' 
MXX^H 



mxoiJXHXz 3zin 
gnexxx vnoHgHOSX *€h 3 3HHXO^cr *HHHHHHHHHHHHH 
e O h4Wcj3xmHxzmh e •‘••oieexcNX ^ocneeeeeeeeeeeee 
z -s:cnMX xcnoMHHi sxzxzzo ^vxwxszzzsszzsssxz 

X •>XexXZXMgHXMOXt-X3XX\OX '•^XMXXXXXXXXXXXXX 

o^ OOHXX XXOXZOXU^ *oo ^••\M ooooooooooooo 

XXHX 3HVOXZ3- ZMX ^ %XXXX\CO MOZXXXXXXXXXXXXX 

^CNon3invop^coo4A%^^«^ f-n4on ^<Nm3invo 



CNCNCN # 

• • *00 

CO CO cox 
XXX ^ 

% % «» X 
. t-X 

I X gnX 

I o XX 

I X ox 

I ',/) X M X 

I 3 X XX 

I oneMXzM 

I ^ecn 

I XMZM^HX 
I UOMXOXvO 
X^MOXQ ^ 
m *«zox(N 
(NXXXXCN • 
XXCslCNCNr-CO 
XtOf-^f- MX 

xonxxxcN 

^ «<NlNfN\** 

VO X 

H^HHHHX 

c %hc ee ex 

ZXXZXSX 
X XXZXXVO 

O I OOOO 
X I X XX xe 



o oo 

CN m3 

3 33 



OOOOOOOOOOOOOO OOOO 
invor-cocT>o^<Nm3invor*x cno^cN 
3 333 3ininininininininm nvovovD 



79 



^ cNro ^ IT) VO 00 cn o CNm ^ m r^GO o ^ cN m ^ 3 * unS r- ooSo ^ ^ S S 00 o o •- S S 2 S S ? 

o 'XJ vD vo VO vo vO ^ vD r^ p^ r- p^ p^ r^ p^ 00 00 00 00 00 GO 00 00 00 00 cr^ o> o> o^ c> <r> o> o> cr> o o o o o o o o 

in in in in ir> in in ip> lO ir> in un in in un in in tn un uo iTi iT) in in tn in iT) in ir^ in un tn lo lo vo vo vo VO vD VO vo VO 



%«c 


cu\ 


CJ CCVCNOOOZ 




WCU ^3 


^ w 


CO 


z 


W OW % 


X « 


o \ 


o '--mow 




o % 


%cc 


z 


w 


OOOHwx 


CM wo 


r- cc 


s: WW • *m^o 




-:o zQ 


MM 


o 


03 


wMoenm 


\Q 


%ac 


^ to^H ^ *^n 




(N^T W 


o 


M 


w 


OHWzC\ 




X \ 


lO WP50 MW»- 




% % coo;: 


wo 


H 


w 


VDC> MM\ 


1 HO 


mcQ 


\ HOCNOCCM % 




f-co HO 


HW 


M 


w 


(NQ3 XX ^ 


S-»M22 




% *<=: ^cuwx 




• W GO 


co: 


Q 


M 


% W OC'* 


CtiHM 


\ 


w cc XMO m 




r^o wi- 


cco 


z 


Q 


zocomMW 


C^H 




CO HfNOCCCOX 




WCN^-H* % 


m 


o 


X 


OmM^CM 


o <co 


HVO 


W 3W\304M\ 




% %\CM 


3<N 


o 


00 


H^O OM 


CO OO 


C ^ 


o oc\ a»o % 




x\cco 


o % 




(N 


CO • w 


»-u 


CN 


H MO ^CH • 




P^CC OI 


M 


3 




WMO^OO 


03T 


w • 


wco c H 




..^03W 


WW 


w 




QC OP-103 


Qi vO 


5SO 


03 t • W «»• M 




. 04 ^\oas 


w 


z 


c 


xom w 


W XH 




MCCCO>»OWO 


• 


OCCOM 


M3 






W03p*^ S-» 


CsJfN 


O W 


w\ WOOHHHO 


Q 


WOM WCC 


w o 


H 


H 


OO^ ^z 


V>i 


z % 


\ OHOM O 


w 


H\ w 


= w 


c 


c 


HZ ^CO 


W <s 


w 


cc** WOMOQ2S • 


cc 


OCQOW3 


w 






Hm3M 


o 


CO 


WQ CCHOCOro 


M 


t^MvOWO 


o 


w 


w 


03f^c % to 


H WfN 


\ .COH 


3W W OiMW^yO 


— m 


^ % <z>w 


wo 


z 


z 


O XX CO 


D2 ^ 


Sji^H O 


oco— o:wo WQs^oo 


• 0\xon4W 


ZM 


M 


M 


wcow #OW 


Wo 


H Orn 


OiOXHO > % 


cow 


1 CNvO • O 


M O 


o 


o 


WO03XX 


HCOQ3 


WCOH ^ 


W \ w MXX 


HCC 


1 \ xowo 


03 


z 


z 


XHZ W 


<CCOW 


WW X 


C0C:?\WWWWi-4CN<N 


o 


1 \nji-zM 


z 


w 


w 


WO<C300 


hJWH 


w Wosin 


CCOCUHOCCXMW 


oca 


1 % • WHO 


WH 






MZ03OXW 


OQ3Z 


ccox 


OMOCMOM3 ^ % 


bCW 


1 CNcd %03 


c 


w 


w 


WM WOM 


UCUU 


oco w \ 


OW MCH • • 


3 


1 MW -tZ 


w 


o 


X 


MXX vow 


»-4 O 


MW % 


flOOO> HSWiai 


ZO 


1 % ^WH 


OW 


c 


c 


O XQ:3*M 


^ QvO 


QHCN 


s oncj cooCMco 


mo» 


• • H c 


WQ 


CO 


co-^ 


wmxw fcO 


UW ^ 


W Z • 


O«0 ti^QCWCdCUM 


w 


W •«mC 03 


o 




OI 


w MHXW 


(XX 


QZWOO 


Eh W CN -a: W O S C5 CC Q 


xto 


HZOCCO w 


WH 


w 


w 


in txccNOi 


3 M<N 


OMS W 


z:z .CJCC MOOT 


HCC 


COtSJ wo 


CCM 


o 


003 


^C03 %CO 


Oco\ 


H W % 


CMO MQ5 WWCO 


MO 


Q 2 m 0 3 o 


3H 


H 


HO 


wox \ 


z w\ 


MWCC 


OC5^3COW *cuzcai 


UO 


^OWH 


HM 




% 


M^ M\w 


Q % 


HCCCJ II 


CUOWOWCOCN OW 


o 


3X njom 


cc 


X 


xz 


MCNW^XO 


O t 


MOO 


W CSQOOWOOCO 


MMOOXWOtH 


03 


03 


03 % 


W ^cx «H 


-a: xc^ 


CMMUj 


W CNO ^O 


WWMCN04 MW 


WW 


H 


MX 


OXMU3X 


CJZPt4 


<C s 


own ox^wmE-iX 


>-a*W %\MmC 


wx 




o 


xm OHX 


c 


WWOiW 


EhO CZO <r:<NW 


o 


6H\we-t 


OH 


o 


OOO 


W %XZmO 


s o 


WWOH 


0jCJCE-iX^3-\O 


QCOWW %OMW 


w 


H 


H % 


XM OW 


-a: EhO 


StXiCOO 


wcco (Nm %H 


w 


w OiMCO 


HCO 




X 


XXW.BO 


cc«<o 


cos 


MWCOSH .x •• 


cccoooo H 


c 


H 


Hin 


ox wo 


o % 


cowo % 


CCQ CCA vXWO 


3owmcom •• 


• • cc 


z 


z % 


HXOco wm 


OHvO 


WHWX 


MSSQS Oi tCNWO 


CCH 


% ^zco 


Z 


c 


c\ 


(f) ..Enwxm 


OS zm 


cc Win 


OOOOHOXVm 


oo 


1 f-o %oc 


om 


3 


25\ 


coco H ^ 


UlUJ 


MQSPJ \ 


UOH^SCOW %WW 


MW 


1 .^XMO 


M ^ 




% 


MMWX WH 


= o 


w \ 


M OCCCWH • W 




1 00 'OHvO 


HX 


o 


oc** 


s XXOX 


W IMH 


QSMW % 


-CWCWMVCJO'^CM 


Mca 


1 MCN^Om 




o— ^ 


OH 


O-MMZO 


oos 


woo t 


UOO WMWWHCO 


WW 


1 % • \«a: % 


C N— 


>4 01 


xz 


WWHWCM 


HOQ- 


HWHH 


MMU WCCWCW 


HH 


1 o\cjx 


U 


w 


OH XW 


oz:o 


zoow 


O OOCCWMMMC; 


zz 


1 %o^ 


EwyQOcn 


OS 


£hW *10X3 


inM 


w^^ 


HCC iTHWMOCO 


w w 


OCWWOO \-M3D swoo 


QW 


oorsi Q 


zr M 


or^i^a- o 


0W^030 WSX. 


-jroow %o^y %v<=3‘'^H 


23 ^ 


003 


ryox «zM 


%cca: 


^ % %;3' 


mH vNio ocuQo Q c^cn 00 mo co 


%cocmz 


OM 


zrMinmww 


X wo 


roXX 


cfoxmwwo oc 


mm 


•• xswx wm ^ 


st:d 


'Mmo X 


r- 3H--, 


^ ^CNCN 


%cqcN ^ ococorxjWo ^ % 


X 'WOt-CH 


^ wo 


'X . 


^ *.Ol.-M<W 




^x W . 


X VXCO OM CCOXXOXOiT \C0C\O(JXOi-XW^ 


-cNXxmx 


\W CC H *<CN \ \00 


CNC/J Nm MCC CCM 


r— t— 


^CNC/) •►x MXHMCNCWCrMWC \ m %EM C 




■<II**^HK^ ■ >^l 


w^^WHQiWC 






c 






>XMCX^ 


cncuo 


% 


O H3C003 CN 


o • ou 


HO 


X 


U3 


MXmxHo 


HWSOHHHH 


HMHH OCUCOOH 


%HHHHNDOHHWHO 


MinHHWHHCO • *H 


cow 


CCCC II 


^E^^ccooioowco^ccc^ %f-«- cczcoc «^c3Ccca5\s:H2;<c 


S3:ehosses 


SMJSOCn M o 


OOSOXWoHOS C0\SS0ESCQW • 3T 


cao bHQscaasQs • 


ccQoasmo wwoocccccccccr^ mto 


03 CO 3 03 NW 03 WCC cc 3X<9W><a3 


Qino 


OOOCOC^MDSOO \^WXH woooo^ OWCOOW 


O *^0 OOCOH 0X0 


W:3*oOWWWW •' 


NWOWW Mn^OCWHWWWW ^••W^C W«:TQ wo** W WH W W WMCOHOCW 


^<Nm 


r-CN r- ^CNmzyinvOP^ 


^CN ^CN 


^<N 




t— 


^cvim-3'invo 



o 


oooo 


o 


oo 


oooo 


o 


o 


o 


oo 


oo 


o 


m 


:C’invOP^ 


CD 


0^0 


f-cNmzC' 


m 


vO 


p- 


oocr> 




(N 


VO 


VOVOVDVD 


VO 


MP- 


p^n^p^p^ 


p- 


p- 


p- 


p-p- 


CO 00 


00 



80 



I 



oooooooooooooooooooooooooooooooooooooooooooooo 
00 o ^ <N m ^ tn VO CO o ^ (N cN m a* lT) CO o ^ CN ^ tn VO 00 (Tn o ^ <N m -a* iTi 'UD 00 o ^ 

r-1— f— ^^-^CNCNCNCNCNCNCNCNCNCNrorn 



vO vO vO vO VO vO vO vO vO vO vO vO vO VO vO 

*ea:<tf;#ea:*BX;ic;rt;rt:#*s:*cC*cx;<:Crt;i<CCQCQCQCQCQCDCQCQCQCQCQCQCQCQCQCQCQCQCQCDCQCQCQCQCQCQCDCQOQCDCQ 



1 c pLi^ 


WH 






•»■ * * 


1 


1 








^ 1 DO ac 


3S 


OS 




* ^1- -H- 


1 


1 








V 1 WSC 


WCN 


O 




* 


* 


1 


1 








\ 1 xcnr^ 


3 ^ 






* 


* 


1 


1 








• 1 


iXZ 


X 




*»• 


♦ 


1 


1 








cn 1 sn ^ 




3 




-»• 


* 


1 


1 








W 1 SCDOX 


XM 


VO 




* 


♦ 


1 


1 




m 




I OCJOO 


CNOi 


% 




* 


* 


1 


1 




rt; 




M 1 ^ 


\CC 


X 




* 


* 


1 


1 




G-i 




S . 1 <^oco 


\W 


lO 




*»• 


* 


1 


W 1 




w 




CO 1 X^g-» 


<s 


% 




* 


* 


1 


3 1 




3 




i-JG-i 1 CN 


CQO 


V 




* 


* 


1 


EH 1 




% 




rt:o \X 


MW 


\ 




* 


* 


1 


1 




CN 




U 2 CO Voo sc 




% 




* 


* 


1 


Q 1 




C 






XQ 


o** 




* 


* 


1 


2 1 




&-» 




Gi Of*HCO ^ 


POW 


w 




* 


* 


1 


< 1 




w 




SSM G-icn 




s 


o 


* 


* 


1 


1 




3 




CHHSCiiSH 


(NM 


M 


W 




* 


1 


W 1 








Z MOI % 


• c 


CJ 


M 


* 


* 


1 


2 1 








JmQ 


0OG-» 


2 


CJ 


* 


* 


1 


M 1 




C 






Wco 


W 


w 


* 


* 


► 


M • 1 




GH 




HMO • ^ ^ 






M 




* 


1 


G-i 1 




W 




CjCJvO:^- •• 


M 


3 


w 


* 


* 


1 


22 1 




3 




WO WMW 


• • 


W 


CO 


* 


* 


1 


OW 1 




% 




oww % *w 


AW 


3 






* 


1 


MS 1 








3 WhJXX> 


rt:o 


Gh 


w 


* 


* 


1 


WW 1 




3 




OMcn^ 


w 


o 


3 


* 


* 


1 


M« 1 




W 




05 Wr- %0 


VH 


2 






* 


1 


WU 1 




M 




wo 


3 


c 


3 


* 


* 


1 


32 1 




•< 




SCO OS 


G-iCO 




CN 


* 


* 


1 


WM 1 


c 






oH04a4W 


3M--ja 




* 


* 


1 


1 


3 






S3 S>X 


OW\0S 


% 


-»• 


* 


t 


W3 1 


W 


Gh 




MOSS W C 


m:*\^ 




* 


* 


1 


ow 1 


M 


W 




X U O G-iM S^-JiD3 VO< 


H 


* 


* 


1 


2 1 


-3J 


3 




rtC H3CCOS 


\3:C^ 




% 




* 


1 


WO 1 




% 




SQCOtnMCN\ CNWO 




* 


* 


1 


MW 1 








U-ICO U4W %t-4CJ 


W 


* 


* 


1 


OM 1 




m 




QMMX05 <CSX 




2 


* 


CO* 


1 


MCO 1 


w 






W W SCO CJ X CO MCN 


30 


M 


^ w* 


1 


COW 1 


3 


M 




MM WCCN 


0\rnH 


CJ 


* 2* 


1 


O 1 


% 


3 




t^CJ 1 E-*^VSC2:\ 


% 


2 


■«■ M-»* 


1 


C03 1 


CJ 


N1 




MW 1 W»-\cyW VNG-» 


w 


* 


1 


W 1 


w 






CJ04 1 ^ % 


* QQ 


• 2 




•W* 3* 


1 


HO 1 


in 






Wco 1 SX0i040MO<eC 


Q 


o* 


1 


<<3 1 


% 


m 


M 


Oi 1 POCNS 


• w 




2 


* U5<A' 


1 


MW 1 


w 






CO DS 1 %\COC0M3: 


W 


W 


-fr 


3* 


1 


3Cv5 1 


3 


w 


CJ 


w 1 o\ 


w Mm 




S 


♦ 3-»- 


1 


CJ 1 


in 


2 


w 


QSM 1 • <E 


«<«c ^ 


o 


s 


* CO* 


1 


MM 1 




% 


3—* 


W3 1 voscr 


XMCN ••X 


VJ 


* 


* 


1 


CC/1 1 






* M 


C-» W 1 M Z CO • 


M 


CJ 


* 


* 


1 


uco 1 


M 


m 


in^ 


Z33 ^ CN 


^Z®WO 


w 


* 


* 


1 


1 


in 




OCJ 


UJCN^XS • 


• •M W3M 


OS 


* 


* 


1 


* * I 


M 


u 


• w 


sa-unoornaDas at4S 


3 


* 


* 


1 


M 1 


W 


w 


3 


3 ^ » ^fuOO 


00 




* 


* 


1 


CO 1 


3 


m 




crxx«*04 .# 


Qm 




* 


* 


1 


M 1 


W 




M— ^ 


^CN<2 .XC3 % 


.«i^ % 


* 


* 


1 


W 1 






X WOhOOCN 


XX^X 


t-X 


* 


* 


1 


3 I 


w 


m 




CN W3M •HKCNCJ 


CN 


-cCCN 


* 


* 


1 


W 1 


2 


w w 


% •• 3! 1 


3^^ 


•w>w 


* 


* 


1 


1 


M 


D^ II 3 3W 


%XO p4 w 






* 


* 


1 


W 1 


Gh 


3M II 33 


PhG-^G-'X^O 


G-»:x 


^Ch 


G^M 


* 


* 


1 


2 1 


3 


3 


^11 2 


<«<<4:cn *wqc 






* 


* 


1 


M 1 


O 


OM^M 


SSSV**Q5 2^.SSCt-S 


ss 


* 


* 


1 


G-« 1 


3 


M^'M-^Gh 


OS 05 05 \W 


W05Cr»M(23 


33 W-» 


* 


1 


3 1 


3 


rtC 


CJ 


OOO 'OQS 


O ^ 


yj^-OOSK* 


* 


1 


O 1 


3 


wowwo 


WWW 1 z:3xww 


W2WWM* 


* 


1 


OS 1 


in 


3Q32CJ 


t— CNrrj^ t— CN T- 




* 


* 


1 


3 1 
















* 


* 


1 


3 1 
















* 


* 


1 


CO 1 











O 


fS O 




CN 


W ^ 




o 


W 

3 O 




M 


3 Gh 

1 




O 


1 

O 




CJ 


r- CJ 






w ^ 






3 — ^ 






3 — ^ 




CN 


m 


c 




X ^ 


G-« 


W 


^ w 


W 


3 


^ 3 


3 


3 


CN 3 


« 


• 


• 


W 


O 


W CJ* 


w 


W 


3 W 


o 


• 


1 • 


M 






3 


f— 


T“ 






'w' 'mp-' 


O 


w 


w cu 


> 


3 


3 3 


rt: 


3 


3 








w 


tO 


3 »0 


e-* 


8-» • 


OW3WGH • 




Oo 


003*^300 


M 


2 II 


2 II 2 2 II 


3 




1— OM^M tCN 


U 




1 HGH-CM'^-a: 



hJj m Z6HZ ehd 3 

c II CuW II oowof^w II oo 
CJ nHCQ«-3O(JCQUMCQnC0O 



OOO 


o 


o 


OO 


* * * 1 1 








mcrm 


3 


r- 


30 


* * * 1 1 


o 


o o 


o 


333 


3 


3 


33 


(JUOCJUCJCJCJ u 


^CJUCJ 


CN m 





81 



BETA2=ABS ((WF (1)-Wf (3))/ (SHP( 1)-SHP(3) ) ) B 320 



I I 

m ^ ID VO 00 o ^ <N ro ^ LO <23 o o ^ <N m cr IT) ^ CN ^ LT) vo 00 <T> o t— <N no m VO ^ CN ro ^ m vD CO 

rnfnrn<^rnonpr)^C3'=f ^cr^rcT-:3'^3'^tDlDlDlDlDlD 

cnmmmmmmoQiriOQQQcQcncQOQflacncQoQODQQmoQCJUUCjoocjcjocjcJCjcjocjcjOQQQOGQCiQ 



w 

o 

ZD 

E-» 

M 

<< 

&H 

<C 

ffSW 

cnw 















1 cox 1 










1 XX 1 
















1 


1 W 1 










1 SX 1 
















1 


1 X«a: 1 










1 XX 1 






o 


rn 








1 


1 CUX 1 










1 HC 1 






VO 




o 






1 


1 CO 1 








VO 


1 X 1 








04 


X 






1 


1 X 1 








ID 


1 XH 1 






O 


X 








1 


1 OH 1 








CN 


1 O 1 








CO 


o 






1 


1 C 1 








• 


1 X 1 








1 


H 






1 


1 O 1 






o 


to 


1 OCO 1 






o 








• 


1 


1 MW 1 










1 Mcrj 1 






CO 


CN 


o 


b-» 


m 


1 


1 HX 1 










1 EH 1 










CO 


<< 


\ 


1 


1 'CD 1 






o 


A 


1 <<o 1 








04 




o 






1 XCO 1 


H 




Eh 




1 XH 1 








X 




hO 




1 


1 CO 1 


X 








1 i 


c 






CO 






^ m 


1 


1 cox 1 


X 




o 


X 


1 COCO 1 


M 




rn 




o 


\ 






1 Xos 1 


Q 




CO 


<a: 


1 XX 1 


X 






V 


• 




M M 


1 


1 HX 1 


% 






X 


1 EhO I 


X 




cu 




o 


m 


^ X 


1 


1 *< 1 








* 


1 CM 1 


H 




X 




• 


c 


04 Csi 


1 


1 XX 1 








VO 


1 XbH 1 


CO 




CO 


rn 




kr< 


X -I- 


1 


1 XX 1 


<c 




o 


o 


1 OM 1 


% 




• 






W 


CO 


1 


1 UH 1 


cu 




• 


1 


1 UQ 1 


H 




u* 


U-i 


• 


X 


CN 


1 


1 1-4 1 






o 


X 


1 MX 1 








X 




-4* 


•*« 


1 


1 CO 1 






• 




1 CO 1 






■ 


1 


n 


CN 


&H M 


1 


1 UH 1 


O 




o* 


ID 


1 UU 1 


O 




_, ^ 






c: 


W X 


1 


1 1 


M 




X 


r- 


1 1 


M 




CN 


CN 


H 


tH 


LU C<I 


1 


1 •• 1 


e 


c 


• 


ZD 


1 * * 1 


H 








c 


X 




1 


1 o 1 


-c 


£H 




• 


1 O 1 


c 




a. 




o 


X 


I 


1 


1 M 1 


X 


X 


X 


vO 


1 H 1 


X 


c 


X 








rn^ ^ 


1 


1 H 1 


X 


X 


-a: 




1 M 1 


H 


M 


CO 




Cl4 






1 


1 c 1 




Q 


X 


1 


1 C 1 




X 








-a: 


M 


1 


1 X 1 


X 


% 




o 


1 X 1 


X 


X 


•o 


CO 


9 


&-• 


II X X 


1 


1 X 1 


X 


X 


fO 


• 


1 EH 1 


X 


M 


WH • 


OWXWHOOWWW 


Ma WC^3 


1 


1 1 


M 


X 


H • 


ox^x 


1 1 


M 


CO 


xoo 


p^XCXO •(TtXXX 


II X'-' 


1 


1 X 1 


EH 


-a: 


O^ 


cnx^-o 


1 X 1 


M 


% 


XX it 


2 : II xxo 


X '*"<22 


II 


X 1 


1 X 1 


X 


X 


X II 


X II XX 


1 X 1 


X 




M 


OMrnM til 


OM II M 


OMM^a: 


« 1 


1 M 1 


O 




• *<0 Xrt:MC5 


1 M 1 


O 




1 


H H •< Sh '^C H H <2 &-* 




ZD 1 


1 H 1 


X 


X 


'IHEhHHHQ 


1 M 1 


X 


X 


X H«-3 


XtHX &-I 


XHX 


MXX 


HQ 


1 X 1 


X 




X 


ZXXHQ 


1 Q 1 


X 


c 


OOuWM OOWOf*^WOOWO 


OXOX 


XX 1 


1 O 1 


X 


X 


XWOOXOXX 


1 O 1 


ZD 


X 


cj M cn n CO cj m cj M X CO cj X o 


Qc^CJ'^ 


XX 1 


1 X 1 


CO 


X 


MOCOUQUXX 


IX 1 


CO 


X 














1 CQ 1 










1 QQ 1 
















1 


1 ZD 1 










1 Q 1 


















1 CO 1 










1 CO 1 







o 

in 



o 

o o o o o 

'vD 00 OVV-^CJ ^ 



I 
I 

UUUUU U 






«s: 

w 

&• 

o 

H 

-•a; 

w 

a;: # 
3 cq 
HCC 

o 

cce-H 



o o 

^ CN UCJUUU U 



82 



I t I 

oooooooooooooooooooooooooooooooooooooooooooooooo 
a^ o ^ cN m ^ ^ to VO 00 cys o ^ (N m ^ m VO 00 cr^ o ^ <N ro ^ fN m ^ lT) VO CO ON o ^ rn cr m VO 



Q oQQOww wwwwwpaw&awww&^CL4fr,CL4et4&^fcCr4&4Cu&-,CL4Ct4fu,oooooaoacoa^aoooo 





1 1 

1 1 

1 1 

i 1 










1 

1 

1 

Z 1 










1 

1 

1 

1 












i 1 










O 1 










1 












1 1 










H 1 










1 












1 1 










Z 1 










1 












I 6-4 1 










*< 1 










1 












1 ^ 1 










Z 1 










ID 1 












1 1 










Z t 1 










Z 1 












• 6^ 1 










'-to 1 










HH 1 












1 Z 1 










Z 1 










HW 1 












1 M 1 










ZO 1 










-a:^ 1 












1 SZ 1 










WH 1 










ZZ 1 












1 CU 1 










3H 1 










WZ t 1 












1 OS 1 










OM 1 










Z H 1 












1 U 1 










ZQ 1 










QZW 1 












1 Z 1 










WZ 1 










1 












1 M 1 










COO 1 










HHZ 1 












1 1 










ZCJ 1 










•<OCJ 1 












1 PS 1 










O 1 










PSC3 1 












1 P4 1 










ZO 1 










W M 1 












1 3 1 










Z 1 










HH-U 1 












1 O 1 










XM 1 










-a:-a: 1 


H 










1 04 1 


X 








HH 1 










ZHW 1 


H 










1 tL4 1 


M 








MC 1 










032 1 


C 




o 






1 in \ 


z 








OZ 1 










3HH 1 


w 




t 






1 PS 1 


S3 








QW 1 










O 1 


3 




o 






1 O 1 


% 








Hz 1 










HZX 1 


% 




r— 






» 33 • 1 


•< 








WO 1 










WWZ 1 


Z 




4- 






1 CO 1 


H 








> 1 










> 1 


z 




ox 






1 025 1 


w 








H 1 










HMQ 1 


in 




^ z 






1 PSO 1 


z 








C< 1 


z 








wow 1 


z 




z 




00 


1 WM 1 


H 








Z 1 


z 








Z Z 1 


% 




oz 




00 


1 ^36H 1 


CO 








w^l 


CO 








WkCM 1 


z 


H 


HZ 




vO 


1 H 1 


% 








S»z 1 


z 








Z 1 


% 




z 




• 


1 MO 1 


< 








w 1 


% 








WZO 1 


«c 




o* 




CO 


1 33Z 1 


H 








W3 1 


z 








zow 1 


H 


w 








1 6HO 1 


W 


X 






ZO 1 


% 








HWZ 1 


W 


3 


nn 




to 


1 U 1 


W 


M 






HZ 1 


•< 








1 


z 


% 






\ 


1 in 1 


Q 


z 






Z 1 


H 








ZZZ 1 




X 








1 wo 1 


% 


CS 






coco 1 


w 








Wzz 1 


X 


z 






00 


1 6-t2 1 


<s: 


% 






WZ 1 


z 








H03 1 


z 


z 


t 4- 




00 


1 <s:m 1 


z 




c 




HO 1 


% 




< 




CMO 1 


z 


z 


^ .0^ 




■sO 


1 hJ6h 1 


Oi 


H 


H 




<s:z 1 


X 




H 




HHZ I 


z 


in 


tO 




f 


1 1 




M 


W 




t-4 1 


M 








ZMW 1 


in 


z 


H t 


o 


cr» 


1 UPS 1 




z 


z 




ZH 1 


z 




Z 




CJQZ 1 


z 


% 


o^ 


t 


to 


1 I-4W 1 






H 




CJW 1 


SI 


X 


\ 




HZZ 1 




z 


• 1 


o 


O' 


1 CO* 1 




t/J 


(J1 




ZC 1 




M 


X 




«a:cjU 1 




z 








1 wo 1 


H 


% 






«cz 1 




z 


M 




WCJZ 1 


H 


in 


ZZ 


4* 


4- 


1 1 


hP 


*< 






CJCO 1 


z 


>3 


Z 




1 


H 


z 




X 




1 * * 1 


-a; 


bH 


tH 




1 


z 


% 


S3 




** 1 


C 


% 


HH 


Z 




1 6h 1 


H 








«* 1 


CO 


z 






H 1 


o 


z 


(CG-a; 


z 


W' 


1 w 1 


Z 


W 


w 




Z 1 


> 


z 






H 1 


H 


z 


oo 


z 




1 *< 1 




Q 


a 




Z 1 


S3 


CO 


Z 




1 


W 


in 


HW 


in 


EH 


1 M 1 










CO 1 




z 


w 




O 1 




w 


w w 


z 


PS 


1 ^ 1 


w 


<; 


< 




> 1 


W 


% 


H 




H 1 


w 


% 




* 


CJI 


1 SI 1 


z 


z 


z 




S3 1 


z 


rt;z 


<c 




W 1 


z 


cz 


#♦ 


m 


(O 


1 1 


M 


04 


04 




1 


H 


H 


O 




1 


W 


H 


H^OWO 


il 


1 W 1 


£H 


hP 


hJ 




W 1 


H 


WZ 


H 




W 1 


H 


WZ 


O *CNZ # 


rt: 


Z 1 Z 1 


Z 


c 


< 


z 1 


Z 1 


z 


zw 


W 


Z 1 


Z 1 


z 


ZW 


z*— ' 


z^ 


6H 


PS 1 M 1 


o 




II 


Z 1 


M 1 


O 


ID 


il 


Z 1 


H 1 


o 


o 


t II OW II 


w 


3 1 £-4 i 


z 


hJ 


X 


Z 1 


H 1 


z 


HW 


z 


Z 1 


H 1 


z 


HW 


^-<IiHHZ 


30 


HQ \ Q 1 


z 


<cz 


M 


HQ 1 


Z 1 


w 


-CH 


z 


HQ 1 


Z 1 


z 


«j:h 


Z 


ZZ 


Ir^ 


W55 1 O 1 


z 


w 


z 


WZ 1 


O 1 


z 


WZ 


in 


WZ 1 


O 1 


z 


WZ 


wzooz 


in 


QSW 1 PS 1 


CO 


z 


S3 


ZW 1 


Z 1 


CO 


ZH 


z 


ZW 1 


z 1 


z 


ZM 


wwoo w 




1 CQ 1 










CQ 1 










Z 1 












1 w 1 










Z 1 










w 1 












1 to 1 










CO 1 










Z 1 












1 1 
1 1 










1 

1 










1 

1 








o 


C 

C 


uuuuu 


U ' 


u 


u wuuuu 


U 


u <J 


CJCJUWUU ' 


u 


u 





83 



I I 1 

oooooooooooooooooooooooooooooooooooooooooo 
CO <J> o ^ ^ CN nn O' iT> VO r* CO CTN o ^ fN no ^ ^ CN rn ^ m vD 00 o ^ ^ CM m if in CO cr o CN 

f»^^CN<N ^ r— «— 

coooonzxxscacnsnsnsxnsxxarxHHMMHHHMHHMnoO'-orD'^nrDnrjnrsrj 







1 










X 1 










1 












1 

1 










O 1 
1 










1 

1 












M 1 










&H 1 










X 1 












X 1 










X t 1 










O 1 












1 










ox 1 










X 1 












1 










MX 1 










1 












X 1 










XH 1 










CU 1 


Q 










O 1 










3W 1 










X 1 


X 










x 1 










X 1 










cn 1 


X 










1 


-,_ 








oe 1 










X 1 


> 










EH 1 


EH 








XX 1 










1 


% 










X 1 


3 








xe 1 










O 1 


Q 










^ 1 


w4 








XX 1 










X 1 


X 










M 1 


W 








e 1 










e 1 


X 










^ \ 


X 








EHcn 1 










1 


X 










X 1 


Cm 




u 




cne 1 










X 1 












t 1 






X 




X 1 










U 1 


u 










«-au 1 


U 




3 




MM 1 










X 1 


X 










Ui]»-4 1 










X 1 










e 1 


3 










XM 1 


3 




m 




QO 1 










X 1 


X 










1 






CN 




XM 1 










X 1 












O 1 


X 




t 




HX 1 










X 1 


X 










I-3X 1 


X 




4* 




e3 1 










X 1 


e 










<COi 1 


3 








S 1 










X 1 


s 










Eh I 






in 




M>» 1 










1 












OX 1 


•< 




X 




MX 1 










X 1 


% 










EHO 1 


X 




X 




cno r 










ex 1 


cn 


Q 








M 1 


3 




u 




w 1 










XU 1 


X 


X 








wen 1 


% 




> 




O 1 










1 X 1 


X 


X 








xen 1 


tn 








XX 1 










>e 1 


u 


X 








Ehh I 


X 


EH 






3=M 1 


A 








X 1 


> 


% 








S 1 


X 


3 


e 




EHcn 1 


M 








cnx 1 




U 








cn 1 


CJ 


M 


o 




X 1 


W 








XO 1 


X 


X 








wo 1 


> 


X 


X 




in 1 


3 








MSS 1 


X 


30 








EHW 1 


% 


X 


X 




XftJ 1 


% 








ex 1 


> 


XX 




EH 




CH 1 


X 


X 


\ 




MX 1 


» 








W 1 








W 




)-;tu 1 


o 




X 




eM 1 


X 








XX 1 


X 






X 




XM 1 


X 


u 


vj; 




wo 1 


M 








ue 1 


3 


o *• 




* 




UCJ 1 


X 


X 


X 




XX 1 


X 








MS 1 


X 


ox 








mJW I 




3 


X 




UX 1 


3 








e 1 1 




cNe 




cu 




CUi 1 




% 


* 




X 1 




?H 






u> 1 












1 


<JD 


X 


X 




ex 1 




X 






1 


a 






cn 




1 


3 




X 




ue 1 


EH 


a 






1 


X 


X ^ 








*• 1 


H-l 


3en 


3 




1 


3 


w 






• • 1 


X 


>cn 








<J3 1 


X 


•►X 


■4 




• • 1 


O 


3 






X 1 


X 










3 1 


X 


ex 


e 




EH 1 


X 


-»• 






X 1 


e 




A 






^ 1 


X 


XCJ 


X 




3 1 


X 


CN 






X 1 


s 


OU 


t— 


Dj 




Da 1 




3> 


3 




O 1 




t 






>i 1 




o> 


4- 






X 1 


X 


^ % 


♦ 




X 1 


X 








e 1 


X 


(N % 


M 


0) 




wi 1 


X 


XX 


1— 




X 1 


X 








s 1 


X 






^3 04 




1 


M 


o 


« 




1 


M 


O 






1 


M 


X 


X 


X 




pa 1 


EH 


sx 


II 




X 1 


M 


t 






X 1 




3X 


cn3 


X II 


X 1 


X 1 


X 


XX 


Eh 


X 1 


X 1 


X 


m 


X 




X 1 


X 


xw 


XX 


HEh 


X 1 


M 1 


O 


o 


3 


X 1 


M 1 


O 


if 


X 




M 1 


o 


o 


X II 


Eh J 


X 1 


Eh I 


X 


XX 


X 


X 1 


eh I 


X 


II 


X 




EH 1 


X 


MW 


uu 


Zi*^: 


HQ 1 


X 1 


X 


ebH 


X 


£HQ 1 


X 1 


X 


M 


HX 




X 1 


X 


eM 


>x 


O 


PUX 1 


O 1 


X 


XX 


X 


XX 1 


O 1 


X 


X 


XX 




O 1 


X 


wx 


II 3 


U3C 


XM 1 


X 1 


in 


XM 


X 


XX 1 


X 1 


in 


3 


XX 




X 1 


cn 


XM 


MX 






X 1 










X 1 










CO 1 












X 1 










^ 1 










X 1 












cn 1 
1 










in 1 

1 










in 1 
1 








20 


1 1 

(J UUCJUU 


u 


u 


1 1 

U UCJUUU ' 


U 


U 


1 1 

UUUCJU 


u 


U 



84 



I 

oooooooooooo 
un vo CD o ^ m IT) 
^ ^ ^ ^ ^ ^ <N (N CN CN (N CN 

nnnnnnnnnnnn 



oo 

CN^ 



OO 

OO 

OO 



mm 



• • 



MM 



X 

C 

s 



cnon 

OuCU 



04 CN 



\\ e»Mti<S 03 WW 
;x43MOOCiu:xso) 



>04 zz>Oi 2 : 2 : 

II no • • II II MM 
QOcN^-^'^-OQMM 
Z 2 S SSZZZ 

U4(±40MU4PE-IM00 
> 040 MM>CU(JCJ 



z 

OS 

o 

MO 

PUZ 

zw 



oo 

^04 0 



85 



APPENDIX E 



HELICOPTER POWER CALCULATIONS FOR THE HP-4 1C 



This appendix contains 3 programs developed for use with 
the HP-41C programmable calculator. They are: 

1. "POWER" which computes the total rotor shaft 
horsepower required for a helicopter in forward 
flight or hover. 

2. "VE" which utilizes "POWER" to calculate the 
maximum endurance velocity and power required at 
that velocity. 

3. "VMR" which utilizes "POWER" to calculate the 
maximum range velocity and power required at that 
velocity . 
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POWER 



1. Purpose 



This program calculates the total power of a helicopter 
in hover or in forward flight. It links 13 basic subrou- 
tines developed in [Ref. 24] into a single program to enable 
quick calculation of total power after one initial input of 



the basic helicopter design data, 
a. The program features are; 

(1) One input of design data. 

(2) Ability to change PA, T, and V rapidly for 
repetitive calculations. 

(3) Single output: Total power required with tip 

loss . 

(4) Incorporation of main rotor and tail rotor 
calculations in each subroutine. 



(5) Easy access by other programs for calculation 
of power required. 

(6) Designed for iterative use (e.g. calculation of 
maximum endurance velocity or determination of 
many points to generate power curve), 

(7) Intermediate design and performance values 
(such as disk area or profile power) are stored 
and easily accessed if needed. 

b. The program limitations are: 

(1) Only a rectangular rotor blade may be used (or 
equivalent chord separately calculated). 

(2) Only hover and forward flight powers may be 
calculated (climbing flight is not included). 

(3) All calculations are for an out of ground effect 
condition . 
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c. The basic programming technique used is to combine 
main rotor and tail rotor calculations into single 
subroutines by one of two methods (depending upon 
which used the fewest bytes of program memory): 

(1) Calculation of the main rotor characteristic 
(e.g. solidity) then calculation of the corres- 
ponding tail rotor characteristic separately. 

(2) Calculation of the main rotor characteristic 
(e.g. tip loss factor, B), continuation of pro- 
gram and calculation of tail rotor thrust (which 
requires main rotor total power to be first 
computed). Then flag 02 is set and program execu- 
tion is returned to the subroutines where the 
tail rotor characteristics are calculated. In 
these subroutines, the same equation steps as 
those for the main rotor are used but tail rotor 
values are recalled for the computations. The flag 
02 tells each subroutine to use tail rotor values. 

The calculated value of total power required is displayed 

as follows: 

Display: Explanation: 

PT = Helicopter total rotor shaft horse- 

power required (out of ground effect 
with tip losses) 



2. Equations 

All equations were taken directly from [Ref. 24]. Tip 
loss is assumed in the calculation of induced power and all 



calculations are for an out of ground effect condition. The 



basic equations used in each subroutine are listed below. 



a. Equations used twice in each subroutine; once for the 
main rotor and once for the tail rotor: 



A 



D 




a 



be 

ttR 
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/^r 



B = 1 - 



V . = 

1 



2PA 



D 



-V;: 



V. = 



2^ 

1 



f 

2vT 

1 



1 

2 



+ 1 



V . 
1 



p. 

1 



TL 



T V 
B 



“ 8 ^ ^dO'^'^D^T 



b. Main rotor only: 



Pp = ipffVj 



1 + 4.3 ^ 



= P 



•MR 



'MR 



+ P + P 
°MR ^ 



T = W 
MR 

Tail rotor only: 

P.., 

T. 



■MR 



tr 



MR tr 



Operating conditions: 

't. 



1 - 



^P = 



SSL 



1-K-h 
1 P 






.23496 



Total Power: 



4.2 5 61 



P = P + P + P 

MR tr tr 



where : 

R 

a 



is the disk area (ft) 
is the rotor radius (ft) 
is the solidity 
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c 


is 


b 


is 


Vt 


is 


9 . 


is 




is 




is 


0 


is 


B 


is 


vi 


is 


Vif 


is 


Vf 


is 




is 


Po 


is 


CdO 


is 


Pp 


is 


^f 


. is 



•MR 



'MR 



tr 



T 

T 

K, 



SSL 



is the total power required by the main rotor (hp) 

is the thrust of the main rotor (lb) 
is the gross weight (lb) 

is the distance between tail rotor hub and main 
rotor mast (ft) 

is the density altitude (ft) 

is temperature (absolute) 

is the standard sea level temperature (absolute) 

•• <# 

is a constant = 6.875 x 10 
is pressure altitude (ft) 
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t 



^SSL 



is standard sea level density of air (slugs/ft) 



P 



T 



is the total power required (hp) 
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3. Flowchart 
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res 



compute B 
store in R 3 » 




LBL '7I* 



No 



Compute B <mr> 
store in Ras 



res 



res 



Is 
Flag 02 



No 



Compute VI<tr> 




Compute VI<mr> 


store in R 32 




store in Rsi 



\ LBL *PI» I 



n 

next page 




No 



Prompt for Vp 
Convert to ft/sec; 
store in Rzo 



Recall from Rjo 






res 


Recall 7K- 


tr> from Raz 




next page 



next page 
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next page 




next page next page 



94 




Escall ?r <inr> from R»7 



Con put a w’<nr> 
» 

Coaput e Vf <tr> 




Yes 



Recall An <tr> fron EzZl 




Yes 



I Hecall Ao <ar> from Rxs| 



aultiply by p fron Raz] 




Yes 



Hecall Cdo<rr> from Bis 




les 



next page next page next page 
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I 




next page next page next page 

96 





Compute Pr; store in 837 



les 



So 



Display Pr 
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4. Example Problem and User Instructions 

Find the total rotor power required for a helicopter 
under the following conditions: 



Main Rotor 




Tail 


Rotor 


Aircraft 


C = 1.50 ft 


C = 


0.50 


ft 


L<tail> = : 


23.50 ft 


R = 20.0 ft 


R = 


3.00 


ft 


W<gross> = 


7,000 lbs 


b = 4 


b = 


2 




F.P. A. (FF) 


= 21.2 


CdO =0.01 


CdO 


= 0. 


014 


VF = 0 kts 


(hover ) 


RV = 31 rad/sec 


RV : 


= 139 


.5 rad/sec 






Environmental: PA 


= 0 


ft 


T = 59 F 


(standard sea 


level ) 


Keystrokes : 








Display : 




(XEQ) (ALPHA) POWER (ALPHA) 




HELO DATA 




(R/S) 








W=? 




7000.0 (R/S) 








RV(mr)=? 




31.0 (R/S) 








b(mr)=? 




4 (R/S) 








C(mr)=? 




1.50 (R/S) 








CdO(mr ) = ? 




0.01 (R/S) 








R(mr )=? 




20.0 (R/S) 








F.P.A. (FF)=? 




21.2 (R/S) 








RV(tr)=? 




31 (R/S) 








b(tr)=? 




2 (R/S) 








C(tr)=? 




0.50 (R/S) 








CdO(tr )=? 




0.014 (R/S) 








R(tr )=? 




3.00 (R/S) 








L<TAIL>=? 




23.50 (R/S) 








PA=? 
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t 



I 



0.0 (R/S) 


il 


59.0 (R/S) 


< 

11 


0 (R/S) 


PT = 660.08 



To calculate the power required at a different V for the same 
helicopter at the same altitude and temperature, execute 
"PI" with: 

VF = 100 kts 



Keystrokes : 


Display : 


(XEQ) (ALPHA) PI (ALPHA) 


VF = ? 


100 (R/S) 


PT = 531.87 



To calculate the power required at any V for the same heli- 
copter at a different altitude and temperature, execute "DA" 
with : 

VF = 100 kts 
PA = 4000 ft 
T = 95 F 



Keystrokes : 


Display : 


(XEQ) (ALPHA) DA (ALPHA) 


PA = ? 


4000 (R/S) 


T = ? 


95 (R/S) 


VF = ? 


100 (R/S) 

5. Programs and Subroutines Used 
"POWER" 


PT = 471.22 



"AREA" calculates Disk Area 

"SD" calculates Solidity 

"VT" calculates Rotor Tip Velocity 
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"DA" 


calculates Density Altitude 


"DEN" 


calculates Air Density 


"CT" 


calculates Coefficient of Thrust 


"TL" 


calculates Tip Loss Factor 


"VI" 


calculates Induced Velocity 


"PI" 


calculates Profile Power with tip loss OGE 


"PO" 


calculates Profile Power 


"PP" 


calculates Parasite Power 


iipijiti 


calculates Total Main Rotor Power 


"THRUST" 


calculates Tail Rotor Thrust required 


npipti 


calculates Total Power required 



6. Storage Register Utilization 

Table VII and VIII show specific storage register contents 
Note: Registers 00-09 are considered temporary and are also 

used by other programs. 
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TABLE VII 



POWER Storage Register Utilization: 00-19 



Storage 

Register 



Stored Quantity 



00 


^MR 


- main rotor chord (ft) 


01 


^MR 


- main rotor radius (ft) 


02 


^MR 


- rotational velocity of the main rotor 
(radians/sec ) 


03 


Sr 


- tail rotor chord (ft) 


04 


Sr 


- tail rotor radius (ft) 


05 


P. 

^MR 


- main rotor induced power with tip 
losses (hp) 


06 


p 

°MR 


- main rotor profile power (hp) 


07 


P - 

P 


parasite power (hp) 


08 


P. 

^tr 


- tail rotor induced power with tip 
losses (hp) 


09 


-P 

0 


- tail rotor profile power (hp) 


10 


’^MR 


- the number of main rotor blades 


11 


W - 


the weight of the helicopter 


12 


C, - the average profile drag coefficient 

*^MR for the main rotor 


13 


^f 


the equivalent flat plate area for 
forward flight calculations (ft) 


14 


Sr 


- the number of tail rotor blades 


15 


C, - the average profile drag coefficient 

°tr for the tail rotor 


16 


^tr 


- the length of the tail, from main rotor 
hub to the tail rotor hub (ft) 


17 


^tr 


- rotational velocity of the tail rotor 
(radians/sec ) 


18 


T - 


outside air temperature in degrees F 


19 


s - 


pressure altitude (ft) 
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TABLE VIII 



POWER Storage Register Utilization: 20-37 



Storage 

Register 




stored Quantity 


20 


- 


forward velocity (ft /sec) 


21 


h - 

D 


density altitude (ft) 


22 


p - air density (slugs/ft) 


23 


MR 


- the main rotor disk area (ft) i 


24 


tr 


- the tail rotor disk area (ft) 


27 


MR 


- velocity of the main rotor tip (ft /sec) 


28 


tr 


- velocity of the tail rotor tip (ft/sec) 


29 


Ct 

MR 


- the coefficient of thrust for the main 
rotor 


30 


tr 


- the coefficient of thrust for the tail 
rotor 


31 


V. 

^MR 


- induced velocity of the main rotor 
( ft /sec ) 


32 


V. 

^tr 


- induced velocity of the tail rotor 
( ft /sec ) 


33 


®MR 


• the tip loss factor for the main rotor 


34 


^tr - 


• the tip loss factor for the tail rotor 


35 


Pt 

MR 


- the total power required for the main 
rotor (hp) 


36 


Ttr - 


• thrust required for the tail rotor 
( f t-lb/sec ) 


37 


Pt 


total power required for the helicopter 
(hp) 



102 



I 

I 

M 

I 



7. Program Listings 



81+LSL -POHER* 


02 


•HELO BflTP- 


03 


SVIEH 


94 


STOP 


85 


*«=?■ 


86 


PROMPT 


87 


STO 11 


03 


■rv<?ir:>=?" 


89 


PROMPT 


19 


STO 17 


11 


■b<MR>=?* 


12 


PROMPT 


13 


STO 18 


14 


■C<MR>=> 


15 


PROMPT 


16 


STO 88 


17 


■CdO<MR>=?- 


18 


PROMPT 


19 


STO 12 


28 


•R<MR>=?‘ 


21 


PROMPT 


22 


STO 81 


23 


■F.?.fi<FF>=' 


24 


PROMPT 


25 


STO 13 


26 


•RV<TR>=R* 


27 


PROMPT 


28 


STO 82 


29 


•b<TR>=?- 


38 


PROMPT 


31 


STO 14 


32 


■C(TR>=?- 


33 


PROMPT 


34 


STO 83 


35 


■CdO<TR>=?‘ 


36 


PROMPT 


37 


STO 15 


33 


•R<TR>=?' 


39 


PROMPT 


48 


STO 84 


41 


•L<TflIL>=?- 


42 


PROMPT 


43 


STO 16 


44*L8L •ORES’ 


45 


RCL 81 


46 


Xt2 


47 


PI 


43 


* 


49 


STO 23 


58 


CLX 



51 RCL 
52 ’m 

53 PI 

54 * 

55 STO 24 

56 CLK 
57»LSL -Sr!* 

58 RCL 18 

59 RCL 08 

60 * 

61 RCL 81 

62 

63 PI 

64 / 

65 STO 25 

66 cl:4 

67 RCL 14 
63 RCL 93 

69 t 

78 RCL 84 
7! / 

72 PI 

73 / 

74 STO 26 

75 CLX 
76+L3L -VT- 
77 RCL 01 
73 RCL 17 

79 * 

38 STO 27 

31 CLX 

32 RCL 94 
S3 RCL 92 

34 * 

35 STO 23 

36 CLX 
87+LBL -Bfi- 

38 •PP=> 

39 PROMPT 
98 STO 19 

91 6.375 E-86 

92 ♦ 

93 CHS 

94 1 

95 + 

96 5.2561 

97 TtX 

98 -T<F>=?* 

99 PROMPT 
188 STO 13 



191 


32 




162 


- 




103 


.5555 


104 






185 


273.16 


186 


+ 




187 


/ 




188 


288.16 


189 


t 




118 


.23496 


HI 


vtx 




112 


CHS 




113 


1 




114 






115 


b.375 E-^6 


IIS 


/ 




117 


STO 


21 


1134LBL 


•HEH- 


119 


RCL 


21 


129 


6.375 E-86 


121 


* 




122 


CHS 




123 


1 




124 






125 


EHTERt 


126 


4.2561 


127 


YtX 




123 


.8023769 


129 


* 




138 


STO 




131 


CLX 




1324L3L 


•CT- 


133 


FS--' 


82 


134 


GTO 


97 


135 


RCL 


11 


136 


RCL 


23 


137 


/ 




138 


RCL 


22 


139 


/ 




148 


RCL 


27 


141 


Xt2 




142 


/ 




143 


STO 


29 


144 


GTO 


03 


!45*LBL 


87 


146 RCL 


36 


147 RCL 


24 


148 






149 RCL 


22 


156 


/ 
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J 



151 RCL 2S 


291 / 


251 / 


152 :^t2 


292 RCL 24 


252 FC? 82 


153 / 


293 / 


253 STO 85 


154 3T0 30 


204 SQRT 


254 STO 83 


155+LSL 88 


205 STO 32 


255+LBL -PO- 


15b CLX 


206*LBL 12 


256 FS? 92 


157»L8L -TL- 


207*LBL -Pi- 


257 RCL 28 


153 FS? 82 


ses FS? 82 


253 FC? 02 


159 STO 89 


209 GTO 9 


259 RCL 27 


160 RCL 29 


218 FS? 33 


268 3 


161 2 


211 GTO 9 


261 m 


162 » 


212 -VF=?- 


262 FSR 82 


163 SQRT 


213 PROMPT 


263 RCL 24 


164 RCL 16 


214 1.68389 


264 FC? 92 


165 / 


215 * 


265 RCL 23 


166 CHS 


216 STO 20 


266 * 


167 1 


217+LBL 9 


267 RCL 22 


163 + 


218 RCL 20 


263 * 


169 STO 33 


219 FS? 82 


269 FSR 82 


170 GTO 10 


220 RCL 32 


270 RCL 15 


171 ♦LSL 09 


221 FCR 82 


271 FC? 82 


172 RCL 30 


222 RCL 31 


272 RCL 12 


173 2 


223 /• 


273 * 


174 » 


224 Xt2 


274 FS? 82 


175 S9RT 


225 2 


275 RCL 26 


176 RCL 14 


226 / 


276 FC? 02 


177 / 


227 STO 88 


277 RCL 25 


173 CHS 


223 :=:t2 


278 t 


179 1 


229 1 


279 4408 


m t 


238 + 


280 / 


181 STO 34 


231 SQRT 


281 STO 09 


182*LBL 18 


232 RCL 88 


282 RCL 28 


183+L3L -VI- 


233 - 


283 FS? 92 


134 FS? 82 


234 SQRT 


284 RCL 28 


185 GTO 11 


235 FS? 82 


285 FC? 82 


186 RCL 11 


236 RCL 36 


286 RCL 27 


187 2 


237 FC? 82 


287 / 


138 / 


238 RCL 11 


288 Xt2 


189 RCL 22 


239 » 


289 4.3 


190 / 


248 FS? 02 


290 * 


191 RCL 23 


241 RCL 32 


291 1 


192 / 


242 FC? 92 


292 + 


193 SQRT 


243 RCL 31 


293 RCL 99 


194 STO 31 


244 * 


294 * 


195 GTO 12 


245 550 


295 FC? 82 


196H3L 11 


246 / 


296 STO 86 


197 RCL 36 


247 FS? 82 


297 STO 09 


198 2 


243 RCL 34 


293 FS?C 82 


199 / 


249 FC? 92 


299 GTO 12 


280 RCL 22 


258 RCL 33 
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399^lBL -PP- 

301 RCL 20 

302 3 

303 Vtv 

304 RCL 13 

305 * 

306 RCL 22 

307 * 

308 1100 
368 / 

310 STO 07 
311+L3L -PT<aR> 

312 RCL 05 

313 RCL 06 

314 + 

315 RCL 07 

316 + 

317 STO 35 
318»LBL -THRUST 

318 RCL 35 
328 550 

321 * 

322 RCL 17 

323 / 

324 RCL 16 

325 / 

326 STO 36 

327 3F 02 
323 >:es -ct- 
328>L3L -PT- 
330+L3L 12 

331 RCL 35 

332 RCL 98 

333 + 

334 RCL 08 

335 + 

336 STO 37 

337 FS? 93 

338 GTO 13 
338 -PT=- 

340 RRCL 

341 PVIEH 

342 STOP 
343+LBL 13 
344 EHD 
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1. Purpose 

This program utilizes program "POWER” iteratively and 
solves for the maximum endurance velocity and power required 
at that velocity. The user is given the option of selecting 
the velocity range over which the power is calculated as 
well as the velocity increment to be used. Since the 
maximxim endurance velocity for a helicopter occurs at that 
velocity where power required is a minimum, the program 
simply compares the total power required at each velocity, 
saves the smallest value and displays the associated 
velocity as that at which maximum endurance will occur. 
Execution of this program requires 2 minutes for ten 
velocity iterations. It is therefore recommended that the 
program be initially run at 10 knot increments over the 
entire velocity range from 0 to V max. The velocity 
displayed will be the maximum endurance velocity accurate to 
within ± 5 kts. The program may then be run a second time 
starting 5 kts below the displayed V<end> and stopping 5 kts 
above it using 1 kt intervals. This procedure will enable a 
V<end> accurate to within 1 kt to be obtained in less than 
10 minutes for almost all designs. The program output 
displays are as follows: 

Display: Explanation: 

V<end>= Maximum Endurance Velocity 

P<V end>= Total power required at V<end> 
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2. Equations 

(ft/sec) = 1.6889 x (knots) 
where: is forward velocity 
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3. Flowchart 





next page 



next page 
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4. Example Problem and User Instructions 

Find the maximiim endurance velocity for the sample heli- 
copter design used for the "POWER" example problem under the 
following conditions: 

V<max> = 120 kts 



PA = 0 ft 
T = 59 F 



a. 10 kt increment from 0 to V<max>. 



Keystrokes : 




Display : 


(XEQ) (ALPHA) VE 


(ALPHA) 


V-START? 


0 (R/S) 




PA = ? 


0 (R/S) 




T<F> = ? 


59 (R/S) 




INCR = ? 


10 (R/S) 




V-STOP = ? 


120 (R/S) 




V<end> = 60 


(R/S) 




P<end> = 384 


b. 1 kt increment from V = 


55 kts to V = 65 kts. 


Keystrokes : 




Display : 


(XEQ) (ALPHA) VE 


(ALPHA) 


V-START? 


55 (R/S) 




PA = ? 


0 (R/S) 




T<F> = ? 


59 (R/S) 




INCR = ? 


1 (R/S) 




V-STOP = ? 


65 (R/S) 




V<end>=58 


(R/S) 




P<V end>= 383 
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5. Programs and Subroutines Used 



"VE" 

"POWER" (entered at subroutine "DA" or "PI") 

6. Storage Register Utilization 

Table IX shows specific storage register contents. 





TABLE IX 

VE Storage Register Utilization 


Storage 

Register 


Stored Quantity 


00-41 


- used by "POWER" 


42 


- used by "WEIGHT" 


43 


P^ - the minimum calculated total power 

^MIN required (hp) 


44 


Vo - "the upper bound velocity selected for 
the iteration (ft/sec) 


45 


V,,_ - the velocity at minimum total power 
required (ft/sec) 


46 


Yjyrr ~ velocity increment selected 

(ft /sec) 
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7. Program Listings 



0iHSl ’’VE” 
02 SF 83 
03 -V-SjaFn- 

04 ?S0H?’ 

05 STO i5 

06 1.SS8? 

07 * 

08 STO 20 
80 '4EQ ’SC" 

10 510 

11 “IHCF 

12 PR0WFT 

13 1.68888 

14 i 

15 510 i6 
16 -V-STO”’ 

17 PROHPT 

18 I.S88S? 
i? ^ 

20 5TC a 

21*l3L 15 

22 »CL 'iF 

23 8T1- 20 
2^ >l£a "-I" 

25 RCL 

26 RCL 37 

27 X<=vc 

28 G70 13 

29 GTO H 



30*lBL 13 

31 C'TU ^3 

32 ci:< 

33 RCL 20 

34 1.6888^ 

35 ■■■' 

36 5T0 45 

37*LSL 

38 RCL ii 

39 8CL 20 

40 K<=9? 

41 OTO 12 

42 CF 03 

43 TOHE 2 

44 RCL 4.5 

45 FIJI 0 
46 "V^EHS^r 

47 CRCL X 

48 aviEw 

49 9T0F 

50 RCL 43 
51 ’F4EHB>= 

52 CRCL X 

53 aviE^ 

54 EHB 
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VMR 



1 . Purpose 

This program utilizes program "POWER" iteratively and 
solves for the maximum range velocity and power required at 
that velocity for a helicopter. The user is given the option 
of selecting the velocity range over which the power is 
calculated as well as the velocity increment to be used. 

The maximum range velocity for a helicopter occurs at that 
velocity where the ratio of power required to velocity is a 
minimvim (considering also the zero power fuel flow or 
phantom SHP). The graphical method for determining the 
maximum range velocity is illustrated in Chapter 14 of 
[Ref. 20]. Program "VMR" computes the slope of a line drawn 
from the origin (modified to include the Phantom SHP) of the 
Power Required vs. Velocity curve to the power curve itself. 
The slope is recalculated at each velocity over the velocity 
range designated by the user. The program compares the slope 
obtained at each velocity, saves the smallest value and 
displays the associated velocity as that at which maximiim 
range will occur. Execution of this program requires 2 
minutes for ten velocity iterations. Since the maximum 
range velocity will occur above the maximum endurance 
velocity, it is recommended that the program be initially 
run at 10 knot increments over the range from V<end> to 
V<max>. The velocity displayed will be the maximum range 
velocity accurate to within ± 5 kts. The program may then 
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be run a second time starting 5 kts below the displayed VMR 
and stopping 5 kts above it using 1 kt intervals. This 
procedure will enable a VMR accurate to within 1 kt to be 
obtained in less than 10 minutes for almost all designs. 

The program output displays are as follows: 

Display: Explanation: 

VMR= Maxim-urn Range Velocity 

P<Vmr>= Total power required at VMR 



2 . 



Equations 

V^ (ft/sec) = 1.6889 x V^ 

(P 

slope of tangent line = ^ 

f 



(knots ) 

^ + PSHP) 
(knots ) 



where : 

V^ is the forward velocity of the helicopter 

P^ is the total power required for the helicopter 

at a specified V^ (hp) 

PSHP is the zero velocity shaft horsepower (phantom 
SHP) for the powerplant used at a specified 
pressure altitude and temperature (hp) 
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3. Flowchart 



(star-W 




next page 



next page 
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4. Example Problem and User Instructions 

Find the maximum range velocity for the sample heli- 
copter design used for the "POWER" example problem under the 



following conditions: 
PSHP = 310 SHP 
V<end> = 58 kts 
V<max> = 120 kts 
PA = 0 ft 
T = 59 F 




a. 10 kt increment from 


V<end> to V<max>. 


Keystrokes : 


Display : 


(XEQ) (ALPHA) VMR (ALPHA) 


PSHP = ? 


310 (R/S) 


V- START = ? 


58 (R/S) 


PA = ? 


0 (R/S) 


'T<F> = ? 


59 (R/S) 


INCR = ? 


10 (R/S) 


V-STOP = ? 


120 (R/S) 


Vmr =108 


(R/S) 


P<Vmr>= 593 



b. 1 kt increment from V = 103 kts to V = 113 kts. 



Keystrokes : 


Display : 


(XEQ) (ALPHA) VMR (ALPHA) 


PSHP = ? 


310 (R/S) 


V- START =? 


103 (R/S) 


PA = ? 


0 (R/S) 


T<F> = ? 


59 (R/S) 


INCR = ? 
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1 (R/S) 



V-STOP 



9 



113 (R/S) Vmr = 108 

(R/S) P<Vmr> = 593 

5. Programs and Subroutines Used 
"VMR" 

"POWER" (entered at subroutine "DA" or "PI") 

6. Storage Register Utilization 

Table X shows specific storage register contents. 

TABLE X 

VMR Storage Register Utilization 



Storage 

Register 




Stored Quantity 


00-37 


- 


used by "POWER" 


42 


P 

MS 


power required at minimum ratio of 
power to velocity (hp) 


43 


P/V^ 


- the minimum calculated ratio of 
power to velocity 


44 




- the upper bound velocity selected 
for the iteration (ft /sec) 


45 


VMR 


- the velocity at the minimum ratio 
of power to velocity (ft /sec) 


46 


V 

INC 


- the velocity increment selected 
( ft /sec ) 
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7. Program Listings 



01 ♦Let ‘VHS* 


36 1.6389 


02 SF 03 


37 / 


03 -PSHP-?- 


38 / 


04 PROfiPT 


39 RCL 43 


05 STQ 41 


40 :4>Y? 


06 -V-STfiRT?- 


41 GTO 02 


07 PROMPT 


42 GTO 03 


08 3T0 45 


43*LBL 32 


09 I. 68839 


44 RCL V 


10 » 


45 STO 43 


11 STO 20 


46 RCL 20 


12 ^EQ -Dfi* 


47 STO 45 


13 370 42 


48 RCL 37 


14 RCL 41 


49 STO 42 


15 + 


50*LBL 03 


16 RCL 45 


51 RCL 44 


17 / 


52 RCL 20 


18 STO 43 


53 aOV? 


19 -IHCR?- 


54 GTO 01 


20 PROMPT 


55 CF 83 


21 1.6889 


56 TONE 5 


22 * 


57 RCL 45 


23 STO 46 


58 1.6389 


24 •V-STOP'?- 


59 / 


25 PROMPT 


60 Fill 0 


26 1.6889 


61 "4148=“ 


27 * 


62 hRCL X 


28 STO 44 


63 OVIEM 


29+LSL 01 


64 STOP 


30 RCL 46 


65 RCL 42 


31 ST* 20 


66 •P<VMR>= 


32 m -PI- 


67 RRCL 


33 RCL 41 


68 fiVIEM 


34 + 


69 STOP 


35 RCL 20 


79 END 
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APPENDIX F 



EVALUATION OF ANALYTICAL SOLUTIONS 
1. This appendix contains comparisons of predicted perfor- 



mance data from an 


aircraft operator's manual with 


analytical results 


obtained by the use of computational 


programs developed 


in this study. The UH-60A heli- 



copter (Blackhawk) was selected to conduct this compari- 
son. Performance data for the UH-60A was taken from 
charts in Chapter 7 of TM 55-1520-237-10 (Operator's 
Manual). Performance data for the T700-GE 700 engine 
was taken from [Ref. 19]. Analytical calculations 
were made based upon the standard sea level performance 
characteristics of the T700-GE 700 engine (Appendix B) 
and the following design data for the UH-60A: 

Main Rotor Tail Rotor Aircraft 

C = 1.75 ft C = 0.81 ft L<tail> = 31.50 ft 



R = 26.8 ft 


R = 5.50 ft W<gross> = 20,250 lbs 


II 


b = 4 F.P.A. (FF) =25.7 


CdO = 0.008 


CdO = 0.008 Vmax = 156 kts 


RV = 27.2 rad /sec 


RV = 125 rad/sec 



Program "POWER” was used to compute total power require- 
ments (Prp) for the aircraft and the Helicopter Power 
Computation Package was used to verify the calculations. 
Calculation of fuel flow rates, maximum endurance velocity, 
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maximum range velocity, and fuel weight were all made on 
the HP-41C and verified using program "FUELFLO” and 
the Helicopter Computation Package on the IBM 3033 
Computer . 

2. Initially it was necessary to convert the percent torque 
readings from the charts in the Operator's Manual to 
Engine Shaft Horsepower (ESHP). The method used was as 
follows : 

From [Ref . 23] : 

Maximum continuous Output Shaft Output Torque 

Power at ; SHP RPM (ft lb) 

Stnd Sea Level 1310 20,000 344 

Solve for the torque conversion factor: 

Torque (ft lb) = SHP • 550 (f t-lb/sec ) (1/hp ) • 60 

20,000 rev /min (277 rad/sec) 

= .263 SHP 

Then from TM 55-1520-237-10 Fig 7-4 at Standard Sea 
Level conditions: 

Maximum Continuous Torque Available = 88% 

Therefore 100% Torque (the transmission limit) for two 
engines is; 

2(344)/. 88 = 792 ft-lb 
or 

792/. 263 = 2973 ESHP 

This value of 2973 ESHP is a constant limit for the 
transmission and was used to convert chart readings of 
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percent torque available to engine shaft horsepower for 
comparison with analytical results. 

3. Comparisons. 

a. ESHP and fuel flow rates: Table XI 

b. Maximum endurance and maximum range velocities: 
Table XII 

c. Mission profile fuel weight: Table XIII 
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TABLE XI 



Analytical vs 
Standard Sea Level 


. Actual ESHP 
Conditions 


and Fuel Flow 


Rates 




Analytical 


Operator ' s 
Manual 


% Err< 


Hover OGE 


ESHP 


2399 


2676 


10 


(lb /hr) 


1218 


1263 


4 


50 knots 


ESHP 


1413 


1635 


14 


(Ib/hr) 


829 


895 


7 


100 knots 


ESHP 


1276 


1487 


14 


(Ib/hr) 


775 


845 


8 


130 knots 


ESHP 


1593 


1903 


16 


(Ib/hr) 


900 


975 


8 


4000 ft and 95 F 
Hover OGE 


ESHP 


2575 


3122* 


18 


(lb /hr) 


1259 


1400* 


10 


50 knots 


ESHP 


1551 


1932 


20 


W^db/hr) 


854 


970 


12 


100 knots 


ESHP 


1245 


1605 


22 


W^db/hr) 


733 


850 


14 


130 knots 


ESHP 


1452 


2021 


28 


W (Ib/hr) 


815 


1010 


19 



♦Approximate ; exceeds maximum continuous power available. 
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TABLE XII 



Analytical vs. Actual Max Endurance and Range Velocities 



Standard Sea Level Conditions 





Analytical 


Operator ' s 
Manual 


% Error 


Maximum Endurance 
Velocity (kts) 


81 


80 


1 


Maximvim Range 
Velocity (kts) 


140 


142 


1 


4000 ft and 95 F 








Maximum Endurance 
Velocity (kts) 


90 


88 


2 


Maximum Range 


149 


129* 


16 



Velocity (kts) 

♦Exceeds maximum continuous power available. 
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TABLE XIII 



Analytical 


vs. Actual Mission Fuel Weight 



Conditions 



PA = 4000 ft 


Cruise Velocity = 110 kts 


Temp = 95 F 


Max Endurance Velocity: 


Range = 275 nm 


= 88 kts (actual) 

= 90 kts (analytical) 

Normal Rated Power (2 engines): 
= 2620 ESHP 



Mission Fuel Weight Profile Equation 

Fuel Weight = ,05W^<NRP> + W^<cruise>*Range/V<cruise> 
+ .25W^<V<end>> + .05W^<NRP> 



Results 


Operator ' s 

Analytical Manual t Error 


Fuel Weight (lbs) 


2184 2343 7 



Note; Fuel capacity for the UH-60A is 2345 lbs. This 
limited the cruise velocity which could be used to 110 
knots for this comparison. 
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